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This  study  started  out  as  a  class  project  tor  the  Space  Simulation 
course  taught  at  the  Air  Force  Institute  ot  Technology  by  Lieutenant 
Colonel  Thomas  0.  Clark.  Captain  John  D.  Rask ,  my  co-worker  on  that 
project,  and  1  developed  a  simple  model  tor  the  transportation  system 
during  this  course.  Lieutenant  Colonel  Clark  liked  our  approach  and 
wished  to  see  the  methodology  further  developed.  Captain  Rask  was 
unable  to  continue  working  on  the  project  so  I  continued  it  on  my  own. 

I  would  like  to  thank  my  thesis  advisor.  Lieutenant  Colonel  Clark 
tor  his  invaluable  assistance.  1  would  also  like  to  show  my  gratitude 
to  my  classmates,  the  first  class  of  the  graduate  program  in  Space 
Operations,  for  being  able  to  put  up  with  me  for  the  eighteen  months  of 
this  program.  Of  my  classmates,  I  would  especially  like  to  thank 
Captains  Micheal  L.  Hunter  and  John  D.  Rask  for  reading  parts  of  my 
thesis  and  giving  some  very  good  advice. 

I  wish  to  acknowledge  my  gratitude  and  love  to  my  wife,  Bienvenida, 
and  to  my  three  sons,  Sean,  Ian,  and  Aaron,  for  their  love  and  support 
throughout  this  project.  And  finally,  1  would  like  to  dedicate  this 
work  in  memory  of  my  father,  Lynn  A.  Wagner,  Sr.,  whose  untimely  death 


several  months  prior  to  my  entering  AFIT  has  placed  a  great  burden  on 
both  me  and  my  Family,  and  to  my  mother,  Adeline  Uagner ,  who  has  always 
given  me  all  the  support  a  son  could  ask  For. 


Lynn  A.  Uagner,  Jr, 


riTii 


Eage 


Pre-face  . . . . . . .  ii 

List  o-f  Figures  . . . . . .  ui 

List  o-f  Tables  . . .  v i  i 

List  o-f  Abbreviations  . . . . . .  viii 

Abstract  . . . . . . . .  ix 


it 


I.  Introduction  . . 

Problem . . 

Research  Questions 

Objectives . . 

Scope  . . . . . . 

Background  . 

Methodology  . 

Overview  of  Thesis 
Suiwnary  . 


II.  A  Space  Colonization 

and  Manufacturing  System  <SCMS)  . . 

Introduction  . . . 

The  Earth-Moon  System  . . 

Space  VJeh i cl es  . . 

Low  Earth  Orbit  <LE0)  . . . 

Geostationary  Earth  Orbit  (GEO)  .. 

Low  Lunar  Orbit  (LLO)  . . . 

Unstable  Lagrangian  Point  Two  <L2> 

Stable  Lagrangian  Point  Four  <L4) 

Stable  Lagrangian  Point  Five  (L5) 

Summary  . . . . . . . . .  45 


III.  The  Computer  Model  for  the 

Transportation  System  of  the  SCMS . .  47 


Introduction  . 47 

Model  Formulation  . . 49 

Data  Preparation  . . 51 


►-cn'«'oa)''a<s»--vj  -vj  cncn'O'M'MO'Ui-fr 


l  ist  fii  Eiqums 


The  Queueing  Process^  . . . 

A  Q-GERT  Illustration  . 

The  Earth-Hoon  System  . . . 

Contours  0-f  Zero  Relative  Velocity  . 

Lagrangian  Points  For  The  Earth-Moon  System 

Concept  For  A  Mass  Driver  . . . 

Design  For  A  Mass  Driver  . 

Mass  Driver  Planar  Bucket  Geometry  . 

Passive  Mass  Driver  . . 

Rotary  Pellet  Launcher  . . . . . 

Active  Mass  Catcher  . . . . . 

0^Nei11‘'s  Cylindrical  Space  Colony . 

Bernal  Sphere  Space  Colony . . . . 

Stan-ford  Torus  Space  Colony . . . . 

Satellite  Solar  Power  Station  . . 

Lunar  Ore  Processing  Plant  . . . 

Asteroidal  Ore  Processing  Plant  . . 

The  Simulation  Modeling  Process  . 


1 


¥ 

I 


Lisi  ai  6bnceui.ai±oa5 


*•- 

•  , 

AIM 

American  Institute  o-f  Aeronautics  and  Astronaut i cs 

• ' 

•  • 

V\ 

ESS 

Earth  Space  Station 

1 

GEO 

Geostationary  Earth  Orbit 

';5 

HLV 

Heavy  Launch  L^ehicle 

IDS 

Inter-Orbit  Shuttle 

I 

IPSV 

Interplanetary  Space  Vehicle 

LEO 

Low  Earth  Orbit 

LLO 

Low  Lunar  Orbit 

1 

LLV 

Lunar  Launch  Vehicle 

y 

■:. 

LMF 

Lunar  Mining  Facility 

*•* 

-.1 

LLS 

Lunar  Space  Station 

1  ^ 

LI 

Unstable  Lagrangtan  Point  One 

.1 

j-  • 

L2 

Unstable  Lagrangian  Point  Two 

o 

v.’ 

k  * 

L3 

Unstable  Lagrangian  Point  Three 

1 

L4 

Stable  Lagrangian  Point  Four 

V. 

C 

kj 

L5 

Stable  Lagrangian  Point  Five 

> 

*2 

NASA 

National  Astronautics  and  Space  Administration 

1 

ft 

NSF 

National  Science  Foundation 

< 

u 

*j 

RPL 

Rotary  Pellet  Launcher 

'4 

•i 

SCMS 

Space  Colonization  and  Manufacturing  System 

i 

SCS 

Satellite  Construction  Shack 

■k; 

s. 

SSME 

Space  Shuttle  Mai.'  Engine 

■i 

< 

SSPS 

Satellite  Solar  Power  System 

1 

STS 

Space  Transportation  System 

AFIT/6S0/0S/82D-6 


Abaitaci 

A  computer  simulation  model  oi  a  transportation  sy'stem  -for  a 
hypothetical  Space  Colonization  and  Manu-factur ing  System  <SCMS)  was 
developed  to  show  how  the  transportation  system  will  possibly  -function. 
The  model  written  in  Q-GERT,  a  simulation  language  which  allows  a 
graphical  presentation  o-f  the  system,  could  be  modi-fied  to  experiment 
with  di-f-ferent  transportation  strategies.  Uhile  the  SCMS  is  based 
mostly  on  current  in-formation,  it  is  very  likely  that  an  entirely 
di-f-ferent  system  will  eventually  be  developed.  Uith  this  being  the 
case,  the  main  objective  was  not  to  Just  build  a  model  -for  a  particular 
system  but  to  illustrate  a  methodology  which  could  be  used  with  another 
system. 

The  SCMS  consist  o-f  six  -facilities  in  di-f-ferent  orbits:  three 
situated  at  Lagrangian  points  o-f  the  Earth-Moon  system  and  the  other 
three  in  low  Earth  orbit,  geostationary  Earth  orbit,  and  low  lunar 
orbit.  The  main  activities  of  the  SCMS  are  to  build  space  colonies,  to 
build  Satellite  Solar  Power  Stations,  and  to  process  lunar  and 
asteroidal  ore.  The  major  component  of  the  transportation  system  is  the 
Inter-Orbital  Shuttle  which  moves  most  goods  between  the  points  in  the 
SCMS  and  is  unloaded,  serviced,  and  loaded  at  each  of  the  facilities. 


I. 


On  October  4,  1957  the  Soviet  Union  surprised  the  world  with  the 
launch  O'f  Sputnik  1,  the  -first  arti-ficial  space  satellite  <Re-f  1:  180). 
To  many  people  this  was  the  start  o-f  the  ‘Space  Age."  While  this  may  be 
true,  the  idea  o-f  space  -flight  has  been  in  the  mind  o-f  man  for 
centuries.  Since  the  mid-1800''s,  authors  have  been  writing  about  space 
flight  and  providing  to  their  audiences  glimpses  of  what  could  be. 
Jules  Uerne,  considered  by  many  people  as  the  father  of  science  fiction, 
fortold  many  of  our  modern  achievements  such  as  the  landing  men  on  the 
Moon  (Ref  2).  Could  he  also  have  given  us  another  hint  of  the  future: 
man  living  and  working  in  space,  that  is,  a  space  colony  (Ref  3)? 

In  his  article  ‘Space  Colonization  Now?‘ ,  Robert  Salkeld  gives  a 

w 

detailed  and  fascinating  history  of  space  colonization  as  protrayed  in 
science  fiction  and  scientific  publications.  Although  space 
colonization  for  many  years  has  been  considered  in  the  science  fiction 
realm,  it  is  slowly  moving  into  the  realm  of  science  fact.  Many 
prominent  scientists  in  the  twentieth  century  have  voiced  their  views 
about  space  colonization  from  the  Russian  scientist  Konstantin  E. 
Tsiolkowsky  in  several  works  published  in  the  late  nineteenth  and  early 
twentieth  centuries  through  Robert  Goddard  in  private  papers  wr i tten 
around  1918  to  Uernher  von  Braun  in  articles  written  in  the  1950''s  for 
the  magazine  nni i ars.  and  in  several  books  based  on  those  articles.  The 
present  focal  point  for  space  colonization  is  a  Princeton  University 
physicist  named  Gerard  K.  O'Neill.  Dr.  O'Neill's  first  exposure  to 
space  colonization  was  an  introductory  Freshman  Physics  course  that 
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Or.  □''Neill  was  teaching.  As  a  class  project  he  asked  his  students  to 
lock  into  the  idea  O'f  space  colonization.  From  the  results  that 
Dr.  O'Neill  and  his  students  were  getting,  Dr.  O'Neill  thought  that  the 
idea  appeared  very  -feasible  and  -further  research  was  needed  (Re-f  4). 

Since  1?6?  when  Dr.  O'Neill  started  researching  the  idea  o-f  space 
colonization  and  manufacturing  <Ref  5),  a  large  following  of  eminent 
scientists  have  examined  the  ideas  and  found  them  practical  and 
achievable.  In  the  years  following  Dr.  O'Neill's  initial  research, 
Princeton  University,  the  American  Institute  of  Aeronautics  and 
Astronautics  (AIAA) ,  the  National  Science  Foundation  (NSF),  and  the 
National  Astronautics  and  Space  Adnini strati  on  (NASA)  have  Jointly 
sponsored  five  conferences  on  Space  Manufacturing  Facilities  (Refs  6-10) 
to  bring  together  scientists  from  many  diversified  areas  to  discuss  the 
possibilities  of  space  colonization  and  manufacturing.  Also  in  the  same 
vein,  the  NASA-Ames  Research  Center  has  sponsored  several  summer  studies 
to  further  expand  upon  ideas  from  the  conferences  and  other  research 
(Refs  ll'lS).  The  results  of  these  conferences  and  summer  studies  have 
indicated  that  the  idea  of  space  colonization  and  manufacturing  is 
practical  and  achievable  with  present  technology  as  long  as  there  is  a 
commitment  from  somewhere  to  provide  the  necessary  capital  to  do  the 
project . 

During  the  years  of  research  into  the  area  of  space  colonization 
and  manuf actur i ng,  researchers  have  analyzed  several  different  designs 
for  proposed  space  colonies/space  manufacturing  facilities  as  well  as 
where  to  locate  the  facilities  in  the  Earth-Moon  system.  Some  of  t^-* 
major  designs  studied  were; 


2 


k 


1)  a  rotating  cylinder  (Re-f  5), 

2)  a  rotating  torus  (Re-f  11)  i  and 

3)  a  rotating  sphere  (Ret  14). 

All  the  above  designs  used  extraterrestial  material  either  -from  the  Moon 
or  an  asteroid  as  the  major  portion  ot  the  total  material  needed  to 
build  the  space  colony. 

For  locating  the  space  colony/space  manutactur ing  Facility,  the 
initial  idea  was  to  place  the  colony  at  a  stable  point  in  the  Earth-Moon 
system  called  LS  (see  Chapter  II  tor  a  description  ot  L5)  (Ret  5).  In 
1976  the  suggestion  was  to  place  the  Facility  at  the  2:1  resonance  orbit 
between  the  Earth  and  the  Moon  (see  Ret  12  tor  more  details).  In  1977 
Or,  O^'Meill,  in  his  book  Thg  High  Frotilieg  (Ret  14),  suggested  using  a 
near-circular  orbit  with  a  period  ot  a  tew  weeks.  Because  ot  rapidly 
changing  opinion  ot  what  type  ot  orbit  to  place  the  space  colony  into, 
Dr.  O^Neill  suggests  that  LS  (at  least  in  his  book)  should  be  thought  ot 
as  'shorthand*  tor  'whatever  orbit  the  production  engineers  and 
celestial-mechanics  experts  Finally  settle  on*  (Ret  14:  Pretace). 

To  be  able  to  make  the  idea  ot  space  colonization  and  manutactur ing 
more  attractive  to  the  private  sector,  a  product  that  could  be  sold  at  a 
protit  to  the  Earth  was  needed.  The  researchers  examined  many 
alternatives  tram  semi-conductor  production  to  pharmaceutical  products 
to  supplying  the  Earth  with  high  grade  steel.  Finally  the  researchers 
selected  building  Satellite  Solar  Power  Stations  (SSPS)  to  supply 
electricity  to  the  Earth  as  the  main  product  tor  space  manutac tur i ng 
(Rets  5-13).  The  idea  tor  the  SSPS  was  developed  by  Peter  Glaser  (Rets 
15-16)  in  1968  using  the  Space  Transportation  System  (STS)  to  haul  all 
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needed  materials  froni  the  Earth  and  utilizing  on-orbit  construction 
techniques  to  build  the  SSPSs.  By  using  space  colonies  and 
extraterrestial  materiali  the  SSPS  would  become  more  cost  ef-fective. 

For  a  space  colonization  and  manu-factur ing  system  of  this  magnitude 
to  work,  there  must  be  a  means  of  transporting  the  terrestial  or 
extraterrestial  ore  from  its  initial  location  to  the  point  in  the  system 
where  the  ore  will  be  processed  to  obtain  puna  metals  and  non-metals. 
These  processed  or  raw  materials  must  then  be  transported  to  the  site 
where  they  will  be  transformed  into  more  space  colonies  or  SPSS  parts, 
which  must  then  be  transported  to  the  location  where  the  SPSSs  will  be 
constructed.  Not  only  must  there  be  a  means  of  transporting  the  ore, 
raw  materials,  or  SPSS  parts  between  different  sites  in  the  system, 
there  also  must  be  a  means  of  transporting  people  and  different  kinds  of 
finished  products  between  the  same  sites.  Depending  on  the  number  of 
sites  in  the  space  colonization  and  manufacturing  system,  this  could 
create  an  extremely  large  transportation  system.  A  means  of  determining 
the  r>pt  imAi  transportation  system  will  eventually  be  needed. 


Problem 

The  problem  investigated  in  this  study  was  to  develop  a  model  of  a 
transportation  system  for  a  hypothetical  space  colonization  and 

manufacturing  system  that  could  be  used  to  test  hypotheses  about  the 
transportation  system  or  the  particular  space  colonization  and 

manufacturing  system  used  in  this  study.  The  goal  is  to  see  how 

particular  assumptions  about  transportation  affect  the  over-all 
colonization  system. 
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Since  the  scientific  area  o-f  space  colonization  and  manufacturing 
is  still  in  its  infancy,  it  will  be  difficult  to  answer  very  specific 
questions  on  the  feasibility  of  the  project  because  of  the  lack  of 
specific  data.  But  by  using  existing  general  information,  the  following 
questions  wi 1 1  be  addressed: 

1)  Over  a  long  period  of  time,  how  many  inter-orbit  shuttles  (see 
Chapter  2  for  an  explanation  of  inter-orbit  shuttles)  will  be 
needed  in  the  system?  To  answer  this  question  the  following 
were  assumed: 

a)  an  inter-orbit  shuttle  has  approximately  a  ten  year 
I ife  expectancy, 

b)  an  inter-orbit  shuttle  can  become  severly  damaged  and 
therefor  unusable,  and 

c)  the  optimum  number  of  inter-orbit  shuttles  will  be 
taken  as  the  number  of  shuttles  that  will  allow  a 
cargo  of  processed  ore  to  always  have  immediate 
transportation  from  the  ore  processing  facility  to  the 
production  facility  for  SSPSs. 

2)  For  the  model  proposed  for  the  system  (see  Chapters  2  and  3), 
what  are  the  parts  of  the  model  that  most  affect  the  final 
outcome  of  the  model? 

3)  Is  it  cost  effective  to  separate  the  tasks  of  processing  lunar 
and  asteroidal  ore  from  the  production  of  an  SSPS?  Uhile  it 
would  probably  be  more  economical  to  do  the  processing  of  the 
lunar  and  asteroidal  ore  and  the  production  of  SSPSs  at  the 
same  location,  it  is  not  inconceivable  that  these  tasks  could 


b»  stperated  k%  art  many  processing  and  manu'factur ing  plants  on 
the  Earth. 

Object  tuts 

The  primary  objective  O'f  this  research  was  to  provide  an 
experimental  model  O'f  a  transportation  system  for  a  particular  space 
colonization  and  manufacturing  system.  Intermediate  objectives  of  this 
study  were  to: 

1)  Develop  a  computer  simulation  model/program  that: 

a)  will  attempt  to  answer  the  stated  research  questions; 

b)  will  be  easily  modified  when  more  detailed 
information,  such  as  system  parameters  and  costs, 
about  space  colonization  and  manufacturing  become 
available;  and 

c)  will  illustrate  how  much  lunar  and  asteroidal  ore  must 
be  processed  to  allow  the  system  to  be 
self-sufficient.  Self-sufficiency  means  producing  all 
the  material  to  build  the  SSPSs  and  the  space  colonies 
and  provide  the  fuel  for  the  inter-orbit  shuttles. 

2)  Develop  a  method'-logy  or  approach  to  the  problem  of  space 
colonization  and  manufacturing  which  can  be  utilized  in  other 
si tuat i ons. 

3>  Verify  and  validate  the  model/computer  program. 


Tht  analysis  and  system  design  comprising  this  study  assumes  that 
all  the  chemical  elements  needed  -for  building  SSPSs  and  space  colonies 
are  contained  in  either  the  lunar  or  asteroidal  ore  and  all  components 
■for  the  SSPSs  and  space  colonies  can  be  manu-factured  in  space,  that  is, 
no  components  have  to  be  built  on  the  Earth.  Since  the  exact  chemical 
composition  o-f  a  space  colony  or  an  SSPS  has  not  been  determined,  but 
estimates  of  gross  masses  have  been  established,  the  study  will  keep 
track  of  the  mass  flow  through  the  system  and  use  mass  relationships  to 
determine  the  state  of  completion  of  a  space  colony  or  an  SSPS.  Uhen 
detailed  information  about  the  chemical  composition  has  been  determined, 
the  information  can  be  incorporated  into  the  model. 


Several  parameters  of  the  model  have  been  estimated  because  there 
is  no  detailed  information  about  them.  A  sensitivity  analysis  will  be 
done  on  these  parameters  to  see  how  they  effect  the  overall  model. 


Rarkgrniinfl 


Producing  a  transportation  model  for  a  space  colonization  and 
manufacturing  system  has  not  received  much  attention  to  date.  Uhile 
many  researchers  looked  at  the  mechanics  of  moving  lunar  material, 
asteroids,  and  space  vehicles  between  certain  points  in  the  system  and 
the  type  of  space  vehicle  to  use  (Refs  5-14,  23),  a  ccnplete  space 
transportation  model  has  not  been  presented. 


The  1975  NASA-Ames  Summer  Study  discussed  a  transportation  model 
for  their  space  colony.  The  study  presented  the  model  pictorally  and 
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dffscribed  the  space  vehicles  that  were  needed.  The  study  gave  estimates 
o-f  how  many  vehicles  were  needed  but  never  said  how  these  estimates  were 
derived.  The  -following  are  the  estimates  (Re-f  11:  60~61 ,  80-82, 
139-149): 

1)  Space  Shuttles  =  3, 

2)  Heavy  Lift  Launch  Vehicles  »  6, 

3)  Interorbit  Transport  Vehicles  =  9, 

4)  Lunar  Landing  Vehicles  -  4,  and 

5)  Inter-Libration  Transfer  Vehicles  (Lunar  Ore  Carriers)  -  2 

David  L.  Akin  in  his  paper  'Optimization  of  Space  Manufacturing 
Systems*  for  the  4th  Pr inceton/AIAA  Conference  on  Space  Manufacturing 
(Ref  9:  257-266)  discussed  techniques  for  arriving  at  the  optimal 
payload  mass  versus  launch  cost  per  kilogram  of  payload  for  a  vehicle 
launched  from  the  surface  of  the  Earth,  techniques  for  arriving  at  the 
optimal  exhaust  velocity  (and  therefore  the  optimal  type  of  space 
vehicle)  versus  payload  cost  per  Kilogram  of  payload  for  an  interorbital 
space  vehicle,  parametric  analysis  of  the  SSPS  production  system,  and  a 
linear  programming  technique  to  determine  the  optimal  blend  of  SSPS 
production  stratagies.  Uhile  he  presented  sever^il  techniques  he  did  not 
tie  them  together  to  get  an  overall  optimal  stratagy. 

As  was  the  case  with  the  Akin  study,  most  studies  tried  to  optimize 
parts  of  the  system  but  did  not  try  to  either  determine  a  complete 
optimal  system  or  show  how  their  optimal  part  affected  the  overall 
system.  This  could  cause  problems  with  the  entire  system.  For  example, 
the  optimum  size  of  a  space  vehicle's  payload  is  determined  based  on  a 
set  of  criteria  such  as  cost,  amount  of  polution,  etc.  If  the  'optimal* 


spice  vehicle  is  used,  then  it  is  possible  that,  for  the  overall  srstem, 
it  would  require  more  trips  to  do  the  mission  than  using  a  *non-opt imal * 
space  vehicle  and  therefore  cost  more  money  and  produce  more  polution. 
In  this  situation,  the  overall  system  would  be  non-op t imal . 

A  new  approach  to  the  problem  is  needed  which  can  be  used  to 
produce  an  optimal  system  and/or  show  how  changes  to  the  system  affect 
the  entire  system.  The  methodology  which  is  presented  in  this  study 
will  attempt  to  get  an  optimal  system  solution  based  on  a  particular  set 
of  criteria  (see  Chapter  III,  Model  Formulation,  for  a  discussion  of  the 
criteria).  The  method  will  also  allow  the  user  to  change  parameters  in 
the  model  and  see  if  the  change  helps  or  hinders  the  system.  The 
selection  of  the  methodology  is  discussed  in  the  next  section  and  the 
implementation  of  it  is  presented  in  Chapter  III. 


Methorinlngy 

There  are  many  ways  to  develop  a  space  colonization  and 
manufacturing  systems  depending  on  what  tasks  must  be  accomplished  in 
the  system  and  on  where  the  task  will  be  done.  The  Space  Colonization 
and  Manufacturing  System  (SCMS)  used  in  this  study  (see  Chapter  II)  is 
only  one  example  of  a  possible  system.  To  accomplish  some  of  the  tasks 
for  the  SCMS,  a  transportation  system  is  needed.  Based  on  the  mission 
of  the  SCMS  and  the  preference  of  system's  designer,  several  different 
types  of  transportation  systems  could  be  used.  Since  it  would  be 
impossible  to  describe  all  the  possible  variations  of  a  transportation 
system,  only  a  few  methods  will  be  given. 


One  method,  similar  to  the  method  used  in  the  1975  NASA-^es  Summer 
Study,  is  to  have  a  transportation  system  which  uses  a  di-f^erent  type  of 
space  vehicle  to  do  each  type  of  mission,  that  is,  transporting  a 
particular  type  of  cargo  between  points  in  the  system.  If  this  is  done 
and  if  the  analyst  knows  the  number  of  cargos  which  must  be  transported, 
the  exact  travel  times  between  points  in  the  system,  and  the  exact 
lingering  times  of  a  space  vehicle  at  any  point,  it  is  possible  to 
analitically  calculate  the  number  of  space  vehicles  that  will  be  needed. 
The  problems  with  this  approach  is  that  the  times  used  in  the  model  must 
be  deterministic  and  that  the  model  does  not  take  into  account  damage 
and  age  of  the  space  vehicles. 

Another  method  is  to  use  only  one  type  of  space  vehicle  which  will 
allow  mass  production  of  the  vehicles  and  thus  reduce  the  per  copy  cost. 
This  will  also  alleviate  the  need  for  several  production  lines  to  be  in 
operation  at  one  time.  The  main  disadvantage  with  this  method  is  that 
the  space  vehicles  must  be  designed  to  withstand  any  environment. 

The  last  method,  the  one  used  in  this  study,  is  a  combination  of 
the  two  previous  methods  which  tries  to  keep  the  advantages  of  the  other 
methods  while  eliminating  some  of  the  disadvantages.  The  method  is  to 
have  one  type  of  space  vehicle,  Inter-Orbit  Shuttle  <10S),  doing  all  the 
transporting  of  cargo  between  points  in  the  system  with  three 
exceptions.  (There  is  a  precedence  for  this  in  the  United  States^ 
present  policy  of  having  the  STS  as  the  backbone  of  the  space  program 
but  using  expendable  space  launch  vehicles  as  backups.)  Because  it 
probably  would  be  infeasible,  economically,  to  build  a  space  vehicle 
which  could  transport  large  cargos  and  then  be  able  to  handle  the  stress 
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Of  landing  and  taking-off  from  tht  Earth  or  tha  noon,  special  launch 
vehicles,  the  Heavr  Launch  Vehicle  (HLV)  and  the  Lunar  Launch  Vehicle 
(LLV),  were  developed  for  the  Earth  and  the  Moon.  The  third  exception 
is  the  Interplanetary  Space  Vehicle  (IPSV)  which  is  used  to  recover 
asteroids.  The  IPSV  would  be  used  to  transport  cargos  in  the  million 
metric  ton  range  over  a  duration  of  years  while  the  I OS  would  be  used 
with  cargos  in  the  thousand  metric  ton  range  over  a  duration  of  weeks. 
These  three  new  vehicles  wil 1  be  used  mainly  to  input  cargos  into  the 
SCMS  and  will  not  therefore  be  directly  modeled  in  the  computer  program. 
If  the  need  arrises  for  these  vehicles  to  be  modeled,  it  would  be  very 
easy  to  incorporate  them  into  the  model. 


At  the  different  points  of  the  system,  cargo  will  arrive  from 
either  the  Earth,  the  Moon,  or  the  asteroid  belt;  lunar  and  asteroidal 
ore  will  be  processed;  and  lOSs  will  be  unloaded,  serviced,  and  loaded. 
Because  a  real  space  colonization  and  manufacturing  system  is  not  in 
existence  to  determine  exact  arrival  rates,  travel  times,  and  service 
times,  the  above  processes  will  be  best  modeled  as  stochastic  rather 
than  deterministic  processes  wi th  probabilistic  arrival  rates,  travel 
times,  and  service  times.  Budnick,  et  al ,  have  stated  that  'a  queue 
forms  whenever  existing  demand  exceeds  the  existing  capacity  of  the 
service  facility,  that  is,  whenever  arriving  customers  cannot  receive 
immediate  service  due  to  busy  servers.  This  state  of  affairs  is  almost 
guaranteed  to  occur  at  some  time  in  any  system  which  has  probabilistic 
arrival  and  servicing  patterns  <Ref  17:  429).*  Because  of  this  fact,  a 
queueing  theory  approach  was  utilized  in  the  model. 


Qiianaing  Thtocy.  ’Queueing  theory  involves  the  mathematical  study 


of  'queuts/  or  waiting  lines  <Ref  18:  400).* 

The  basic  process  assumed  by  most  queueing  models  is  the 
following.  'Customers*  requiring  service  are  generated  over 
time  by  an  'input  source.*  These  customers  enter  the  guftiiftlng 
syslaa  and  Join  the  gueua.  At  certain  times  a  member  of  the 
queue  is  selected  for  service  by  some  rule  known  as  the  queue 
ritc.r ipi  ino  (or  g.»puir»  disclfillne) .  The  required  service  is 
then  performed  for  the  customer  by  the  seru ice  inechanjLsffl, 
after  which  the  customer  leaves  the  queueing  system  (Ref  18: 

401). 

The  queueing  process  is  depicted  in  Figure  1.1.  If  more  detailed 
information  on  queueing  theory  is  needed,  the  reader  should  review  any 
good  operations  research  text  such  as  Introriiirtinn  ±o  Opecations 
Sesearrh  by  Hillier  and  Leiberman  (Ref  18). 


Figure  1.1  The  Queueing  Process  (Ref  18:  402) 


For  large,  complicated  systems  such  as  the  one  described  in  this 
study,  there  are  two  basic  ways  to  solue  the  problem:  analytically  and 
by  simulation.  An  analytical  approach  was  considered  but  ffund 
difficult  to  do  because  at  the  present  time,  there  are  only  analytical 
techniques  for  simple  queue ing  model s.  Because  of  the  complexity  of  the 
SCHS,  it  would  be  extremely  difficult,  if  not  impossible,  to  cast  the 
model  at  the  level  where  an  analytical  solution  is  feasible. 
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To  be  able  to  model  the  use  o-f  one  type  o-f  space  vehicle  -for 
transporting  cargo  between  points  in  the  SCMS  and  the  use  o-f  queueing 
theory  at  the  di-fferent  points  in  the  system,  simulation  was  selected  as 
the  tool  to  implement  the  transportation  model.  Once  the  decision  was 
made  to  use  simulation,  a  computer  language  was  needed.  A  general 
purpose  language,  like  FORTRAN  or  Pascal,  could  be  used  but  the 
complexity  o-f  the  model  would  probably  require  that  the  program  be 
several  thousand  lines  long.  There-fore,  a  special  purpose  language  was 
needed.  The  simulation  language  choosen  was  Q-6ERT. 


Q-RFPT -  In  his  book,  A.  Alan  B.  Pritsker,  the  developer  o-f  Q-OERT, 

gives  a  detailed  history  o-f  its  development  (Re-f  IP:  11-17).  Q-GERT  is 

a  new  technique  ...  which  can  be  used  -for  modeling  and 
analyzing  a  class  o-f  procedural  systems.  Q-GERT  involves  the 
graphical  modeling  o-f  systems  in  a  network  -form.  Q-GERT 
networks  provide  a  vehicle  through  which  in-formation  about 
ffV  models  o-f  procedural  systems  can  be  communicated.  Q-GERT 

networks  can  be  analyzed  automatically  to  provide  statistical 
information  about  the  system  under  study  (Ref  19:  2). 

Or.  Pritsker  also  gives  a  comprehensive  description  of  how  Q-GERT 

networks  operate  (Ref  19:  3-4): 


Q-GERT  employs  an  activity-on-branch  network  philosophy 
in  which  a  branch  represents  an  activity  that  involves  a 
processing  time  or  a  delay.  Nodes  are  used  to  seperate 
branches  and  are  used  to  model  milestones,  decision  points, 
and  queues.  A  Q-GERT  network  consists  of  nodes  and  branches. 
Flowing  through  the  network  are  items  referred  to  as 
transactions.  Transactions  are  directed  through  the  network 
according  to  the  branching  characteristics  of  the  nodes. 
Transactions  can  represent  physical  objects,  information,  or  a 
combination  of  the  two.  Different  types  of  nodes  are  included 
in  Q-GERT  to  allow  for  the  modeling  of  complex  queueing 
situations  and  project  management  systems.  Activities  can  be 
used  to  represent  servers  of  a  queueing  system  and  Q-GERT 
networks  can  be  developed  to  model  sequential  and  parallel 
service  systems.  Tne  nodes  and  branches  of  a  Q-GERT  model 
describe  the  structural  aspects  of  the  system.  A  peace ss 
approach  ...  is  taken  in  which  the  flow  of  a  transaction  is 
modeled. 
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Transactions  originate  at  source  nodes  and  travel  along 
the  branches  o-f  the  network.  Each  branch  has  a  start  node  and 
an  end  node  as  shown  below  [see  Figure  1.21.  Transactions 
moving  across  a  branch  are  delayed  in  reaching  the  end  node 
associated  with  the  branch  by  the  time  to  perform  the  activity 
that  the  branch  represents.  When  reaching  the  end  node,  the 
disposition  o-f  the  transaction  is  determined  by  the  node  type, 
the  status  o-f  the  system,  and  the  attributes  associated  with 
the  transaction.  The  transaction  continues  through  the 
network  until  no  further  routing  can  be  performed.  Typically, 
this  occurs  at  sink  nodes  of  the  network  but  may  occur  at 
other  nodes  to  allow  for  the  destruction  of  information  flow. 

Transactions  have  attribute  values  that  allow  different 
types  of  objects  <or  the  same  type  of  object  with  different 
attribute  values)  to  flow  through  the  network.  Procedures  are 
available  to  assign  and  change  attribute  values  of 
transactions  at  various  nodes  of  the  network. 

As  transactions  flow  through  the  network  model, 
statistics  are  collected  on  travel  times,  the  status  o-f 
servers  and  queues,  and  the  times  at  which  nodes  are  released. 
Thus,  a  statistical  data  collection  scheme  is  embedded 
directly  in  a  Q-GERT  network  model.  The  Q-6ERT  Analysis 
Program  employs  a  simulation  procedure  to  analyze  the  network. 
The  simulation  procedure  involves  the  generation  of 
transactions,  the  processing  of  the  transactions  through  the 
network,  and  the  collection  of  statistics  required  to  perform 
automatically  a  summary  report  as  dictated  by  the  Q-GERT 
network  model . 


Start  Node 

End  Nod* 

IncofniiiQ 

(Vi 

Outgoing 

TraoMCtion 

Transaction 

an  activity 

Figure  1.2  A  Q-GERT  Illustration  <Ref  19:  4) 


£ao£lusxoo.  The  approach  used  in  this  study  is  to  model  the 
transportation  system  for  the  Space  Colonization  and  Manuf actur i ng 
System  <SCMS>  as  a  large  queueing  system.  The  queueing  system  will  be 
salued  using  simulation,  in  particular,  using  a  Q-GERT  network 
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description  o-f  the  SCMS.  The  SCHS,  the  transportation  system,  and  the 
Q-GERT  network  wiH  be  described  in  the  remaining  chapters. 

fluTU  i o£  Thn^i  ^ 

Discussed  in  Chapter  II  is  the  conceptual  model  tor  a  Space 
Colonization  and  Manu-fac taring  System  (SCMS).  The  SCMS  is  broken  down 
into  subsystems  and  the  parts  o-f  the  subsystems  are  decribed.  The 
orbits  and  space  vehicles  used  in  the  SCMS  are  also  described. 

Described  in  Chapter  III  is  the  computer  model  o-f  the 
transportation  system  for  the  SCMS.  The  model  is  discussed  in  terms  o-f 
the  Q-GERT  structure  which  implements  the  model.  The  verification  and 
validation  of  the  computer  model  are  also  decribed. 

An  experimental  design  that  can  be  used  to  test  transportation 
alternatives  is  described  in  Chapter  IV.  The  experimental  design  can 
also  be  used  to  test  assumptions  about  the  SCMS. 

Presented  in  Chapter  V  is  a  summary  of  the  report,  conclusions,  and 
recommendations  for  continued  study. 

giimmarv 

Discussed  in  this  chapter  is  the  history  of  research  into  space 
colonization  and  manufacturing  systems.  Presented  in  the  chapter  is  the 
problem  along  with  research  questions,  the  objectives  of  the  study,  and 
the  scope  of  the  research.  A  brief  background  on  previous  research  into 
space  transportation  systems  was  presented  along  with  the  methodology 


II  .  A  P  rAlnniTaiifsn  aorf  Mar>ii-f  ar  ♦  iir  i  ng  SystPIB 


lntpnriiir»inn 

The  Space  Co1onj2ation  and  Manu-fac taring  System  (SONS),  that  will 
be  used  in  this  study,  will  be  described  in  this  chapter  .  The  SCMS,  in 
most  details,  will  parallel  the  system  developed  by  the  1975  NASA-Ames 
Summer  Study  (Re-f  11),  but  will  incorporate  several  items  not  addressed 
in  that  summer  study.  The  SCtiS  will  consist  oi  six  major  parts  or 
subsystems  which  take  their  names  -from  the  physical  location  that  they 
occupy  in  the  Earth-Moon  system: 

1)  Low  Earth  Orbit  <LE0>, 

2)  Geostationary  Earth  Orbit  <6E0), 

3)  Low  Lunar  Orbit  (LLO), 

4)  Unstable  Lagrangian  Point  Two  (L2), 

5)  Stable  Lagrangian  Point  Four  (L4>,  and 

6)  Stable  Lagrangian  Point  Five  <L5>. 

The  major  constituents  or  elements  o-f  each  subsystem  wi  1 1  be 
described  in  general  terms  to  allow  the  reader  to  get  an  idea  ot  what 
will  be  needed  in  a  space  colonization  and  manu-factur ing  system. 
Speci'tic  examples  -for  some  elements  will  be  given,  but  it  should  be 
understood  that  these  are  only  examples  and  any  similar  element,  which 
accomplishes  the  desired  mission,  could  be  used  without  a'f-fecting  the 
transportation  model  described  in  Chapter  III.  An  exception  to  this  is 
when  the  element  selected  changes  either  the  mass  -flow  in  the  system  or 
a  process  time  for  an  activity.  If  this  happens,  then  the 
transportation  model  will  have  to  be  changed  accordingly. 


Figure  2.1  The  Earth-Moon  Srstem 


As  mentioned  previous!/,  the  names  o-f  the  subsystems  are  related  to 
their  position  in  the  Earth-Moon  system  (see  Figure  2.1)  but,  as  will  be 
shown  in  Chapter  III,  the  subsystems  are  distinguished  -from  each  other 
not  by  position  but  by  the  tlight  times  between  them.  It  will, 
therefore,  be  possible  to  *move*  the  site  of  a  subsystem  to  match  what 
the  production  engineers  and  celestial-mechanics  experts  finally  settle 
on.  Before  describing  the  subsystems  of  the  SCMS,  the  Earth-Moon  system 
and  the  space  vehicles  used  in  the  SCMS  will  be  described. 


ELEMENT 

SYMBOL 

VALUE 

27 

Mass  o-f  the  Earth 

M 

1 

5.972  X  10  gm. 

Radius  of  the  Earth 

r 

1 

6378.160  km. 

25 

Mass  of  the  Moon 

M 

7.344  X  10  gm. 

2 

Radius  of  the  Moon 

r 

1738  km. 

2 

Semi -Major  Axis  of  the  Lunar  Orbit 

a 

M 

384,400  km. 

Eccentricity  of  the  Lunar  Orbit 

e 

0.05490 

M 

Inclination  of  the  Lunar  Orbit 

i 

5.13  deg. 

M 

Period  of  the  Moon 

P 

M 

27.32166  days 

Distance  from  the  Earth  to  LI 

a  <1  -  R  ) 

326,400  km. 

M  1 

Distance  from  the  Earth  to  L2 

a  (1  ♦  R  ) 

449,000  km. 

M  2 

Distance  from  the  Earth  to  L3 

a  <1  -  R  ) 

381 ,700  km. 

M  3 

TABLE  I  (Cont.) 


f>afa  ^  tha 


ELEMENT 


Distance  -front  the  Moon  to  LI 
Distance  -front  the  Moon  to  L2 
Distance  -front  the  Moon  to  L3 
Distance  -front  L4  to  L5 
Semi -Major  Axis  o-f  LEO 
Incl  i  nat  i  on  o-f  LEO 
Semi -Major  Axis  o-f  GEO 
Inc  1  i  nat  i  on  o-f  GEO 
Semi -Major  Axis  o-f  LLO 
Incl  inat  ion  o-f  LLO 


System 


SYMBOL 

()ALUE 

a  <R  ) 

M  1 

58,040  km. 

a  (R  ) 

M  2 

64,620  km. 

a  (2  -  R  ) 

M  3 

766,100  km. 

2a  sin(60  deg.) 

M 

665,800  km. 

a 

LEO 

6804  km. 

'leo 

28.5  deg. 

a 

GEO 

42,120  km. 

'geo 

0.0  deg. 

*LL0 

1?88  km. 

'llo 

0.0  deg. 

SOURCE:  Kenneth  R.  Lang,  Ag.trf>phy<;.irai  Fnrmnlaa,  pp.  524-526,  540-544 
(For  non-ca1cu)ated  data  on  the  Earth,  Moon,  and  Lunar  Orbit) 


liU  Parth-Mnnn  Syst*m 
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Tht  'orbits*  used  in  this  study  will  be  described  in  this  section. 
The  relationship  between  the  di-fferent  subsystems  O'f  the  SCMS  is  shown 
in  Figure  2.1  while  important  in-formation  about  the  Earth-Hoon  system 
and  the  SCMS  'orbits*  is  given  in  Table  I.  I-f  more  detailed  information 
on  orbital  theory  is  needed,  the  reader  should  review  a  good  book  on 
celestial  mechanics  such  as  Mrthnris  xif  Celest  iai  Mechajaics  by  Dirk 
Brouwer  and  Gerald  M.  Clemence  (Ref  20). 

Eaclfa  DcbJJLs.  In  the  SCMS  there  will  be  two  Earth  orbits  utilized. 
The  first  will  be  a  low  Earth  orbit  (LEO)  which  will  be  the  orbit  of  a 
Earth  Space  Station  (ESS).  The  orbit  selected  will  be  a  near-circular 
orbit  with  an  altitude/inclination  of  426  km./28.5  deg.  which  is  the 
same  as  the  orbit  used  in  a  NASA  space  station  proposal  (Ref  21).  The 
second  orbit  will  be  a  geostationary  Earth  orbit  (GEO)  which  will  be  the 
orbit  where  SSPSs  will  be  placed.  This  is  a  near-circular  orbit  with  an 
altitude/inclination  of  35,740  km./O.O  deg.  and  has  a  period  of  23 
hours  56  minutes  (the  time  for  one  revolution  of  the  Earth)  which  causes 
the  SSPS  to  appear  to  remain  'fixed*  over  one  location  on  the  Earth's 
equator . 

L uoac  Arhi t .  The  SCMS  will  utilize  only  one  orbit  around  the  Moon 
which  will  be  used  by  a  Lunar  Space  Station  (LSS).  The  low  lunar  orbit 
(LLO)  will  be  a  near-circular  orbit  and  will  have  an 
altitude/inclination  of  426  km./O.O  deg.  with  respect  to  the  Moon. 

1  agranQian  One  of  the  major  areas  of  celestial  mechanics 
is  trying  to  find  solutions  to  the  n-body  problem. 
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Figure  2.3  Lagrangian  Points  For  The  Earth-Moon  S/stem 


negligible  mass,  such  as  a  satellite  or  space  colony.  A  plot  o4 
contours  of  zero  relative  velocities  for  the  Earth-Moon-satel 1 i te  system 
where  Cl  >  C2  >  C3  . . .  is  given  in  Figure  2.2.  These  loci  of  zero 
relative  velocitiy  positions  correspond  to  constant  potential  energies. 
By  examining  this  figure  it  can  be  seen  that  there  are  potential  energy 
uftila  in  the  neighborhood  of  both  the  Earth  and  the  Moon,  at  the 
equilateral  triangular  points  L4  and  L5,  and  saddle  piixata  at  the 
straight  line  points  LI,  L2,  and  L3.  The  five  Lagrangian  or  libration 
points  (LI,  L2,  L3,  L4,  and  L5)  are  the  *solutions''  or  equilibrium 


points  of  the  restricted  three-bod)'  problem  in  celestial  mechanics  (Ref 
22:  289-294).  Brouwer  and  Clemence  present  the  mathematics  of  the 
solution  to  the  restricted  three-bod/  problem  (Ref  20:  253-262)  which 
was  originally  solved  by  the  French  astronomer  and  mathematician  Count 
Joseph  Louis  Lagrange  in  the  late  1700' s. 

The  straight  line  solutions  (LI,  L2,  and  L3)  are  unstable 
equilibrium  points.  That  is,  if  an  object  is  placed  at  any  of  these 
points,  the  object  will  remain  there  as  long  as  it  is  not  disturbed;  but 
if  it  is  slightly  disturbed,  the  object  will  leave  the  Lagrangian  point. 
The  equilateral  triangle  solutions  (L4  and  L5)  are  stable  equilibrium 
points.  An  object  will  tend  to  remain  around  these  points  even  if  it  is 
slightly  disturbed.  If  the  Sun's  influence  is  included  in  the  problem 
(a  restricted  four-body  problem),  then  L4  and  L5  are  no  longer  stable 
points.  Even  though  they  are  not  stable  points,  there  exist  'orbits* 
around  L4  and  L5  which  are  stable  (Ref  23).  This  study  will  treat  L4 
and  L5  as  points  not  orbits  around  points  even  though  the  model  in 
Chapter  111  will  not  know  the  difference. 

The  SCMS  will  have  subsystems  at  three  Lagrangian  points  (L2,  L4, 
and  L5)  with  a  lunar  SSPS  at  LI.  The  relationship  between  the  five 
Lagrangian  points,  the  Earth,  and  the  Moon  is  shown  Figure  2.3  with 
information  about  this  relationship  in  terms  of  distances  between  points 
given  in  Table  1.  Some  of  the  equations  used  in  deriving  the  relative 
distances  between  points  in  the  system  are  listed  in  Table  11.  Because 
the  numbering  system  for  the  Lagrangian  points  vary  with  authors,  the 
system  employed  in  this  study  matches  the  one  used  in  the  AIAA 
conference  reports  (Ref  6-10)  (see  Figures  2.1  and  2.3). 
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TABLE  II 


Layan^-ian  Boiol  Halrnlatians 


ra=M/<M+M)=  0.01215 

2  1  2 


1-tn  =  M  /<M  +  M)  =  0.98790 

1  1  2 


ni/<l-m)=M/M  =  0.01230 

2  1 


1/3 

A  =  <m  /  [3<1  -  m)]>  =  0.1<500 


<1  -  ffi)X  4  mX  =  0 

1  2 


R  *  X  -  X  =  1 

0  2  1 


2 

R  =  Atl  -  (I/3)A  -  <1/9)A  -  ...  )  =  0.1510 

1 


2 

R  =  A<1  4  <1/3)A  -  <1/9)A  4  ...  )  =  0.1681 

2 

2 

R  =  (7m/12){l  4  (23/84)(7in/12)  )  =  0.007088 
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The  SCMS  will  use  -four  di'f-ferent  types  oi  space  vehicles.  These 
vehicles  will  be  used  to  transport  cargo  between  points  in  the  SCMS. 
Since  each  oi  the  vehicles  have  their  own  mission,  the  space  vehicles 
are  not  i nterchangabl e . 

Iniac=Ocbit  Shuttles.  IIDSl.  The  Inter-Orbit  Shuttle  is  used  to 
transport  cargo  between  the  major  subsystems  (LEO,  6E0,  LLO,  L2,  L4,  and 
LS)  o-f  the  SCMS.  The  lOS  can  transport  large  quantities  o-f  cargo 
between  these  points  but  is  not  structurally  strong  enough  to  land  on 
either  the  Earth  or  the  Moon.  The  1975  NASA-Ames  Sumner  Study 
determined  that  a  lunar  landing  vehicle  with  one  space  shuttle  main 
engine  (SSME)  could  land  over  900  metric  tons  on  the  lunar  surface  (Ref 
11:  60).  A  space  vehicle  equiped  with  two  SSME's  could  easily  transport 
a  cargo  of  1500  metric  tons  which  is  the  assumed  capacity  of  an  I OS  used 
in  this  study.  An  lOS  could  also  use  a  mass  driver  (see  the  section  on 
L2  for  a  description  of  a  mass  driver)  or  ion  engines  as  its  means  of 
propulsion  but  the  travel  times  between  points  in  the  system  will 
probably  be  longer  than  an  lOS  equiped  with  a  chemical  engine  like  the 
SSME. 

tiaaux  Launch  Uehicle,  iULUl.  The  Heavy  Launch  Vehicle  is  a 
completely  reusable  launch  vehicle  which  is  employed  to  transport  cargo 
between  the  Earth'^s  surface  and  low  Earth  orbit.  NASA  is  looking  at  a 
Space  Shuttle  based  HLV  which  would  have  a  capacity  greater  than  150 
metric  tons  (Ref  7:  51-60).  The  HLV  used  in  this  study  is  assumed  to 
have  a  capacity  equal  to  the  capacity  of  an  IDS.  If  this  is  not  true, 
it  then  can  be  assumed  that  multiple  (or  fractional)  launches  can  equal 


one  proposed  HLV  launch  or  that  the  lOS  leaves  LEO  only  partially 
loaded.  The  STS  is  not  spec i-f ical  1y  incorporated  into  the  SCHS  but  it 
can  be  assumed  that  multiple  STS  launches  can  equal  one  launch. 

1 Hnar  I aungh  Uahirla  ILLUl.  The  Lunar  Launch  Vehicle,  a  completely 
reusable  launch  vehicle,  is  used  to  transport  cargo  between  the  Moon^s 
sur-face  and  low  lunar  orbit.  The  LLV  used  in  this  study  is  assumed  to 
have  a  capacity  equal  to  the  capacity  oi  an  lOS.  I-f  this  is  not  true, 
it  can  be  assumed  that  multiple  (or  'fractional)  launches  can  equal  one 
proposed  LLV  launch  or  that  the  lOS  leaves  LLO  only  partially  loaded. 

Tntcrpi anflfapy  Rparo  ir lo  f TPRU^ .  An  Interplanetary  Space 
Vehicle  has  the  capability  to  leave  the  Earth-Moon  system  and  rendezvous 
with  an  asteroid  whose  orbit  crosses  the  Earth's  orbit  or  an  asteroid  in 
the  asteroid  bel t .  After  rendezvous  with  the  asteroid,  the  IPSV, 
utilizing  a  mass  driver  propulsion  system,  will  bring  the  asteroid  back 
to  L5.  The  1977  NASA-Aroes  Summer  Study  discussed  using  a  mass  driver 
powered  space  vehicle  to  retreive  Earth  crossing  asteroids  and  to  bring 
them  back  to  the  Earth-Moon  system  (Ref  13:  159-204). 

Lou  Eac.ih  Orbil  (LEQI 

The  SCMS  will  require  an  Earth  Space  Station  (ESS)  to  reside  in  low 
Earth  orbit.  The  ESS  will  recieve  HLV  from  the  Earth  and  transfer  the 
HLV's  cargo  to  an  lOS  for  transport  to  oth  parts  of  the  SCMS.  By 
having  an  ESS,  the  HLV  can  be  a  smaller  launch  vehicle  while  still 
delivering  the  same  amount  of  cargo  into  space;  the  HLV  can  be  launched 
even  when  an  lOS  in  not  available;  and  an  IDS  can  deliver  a  cargo  to  LEO 
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even  when  a  vehicle  is  not  waiting  to  deliver  the  cargo  to  the  Earth's 
sur'face.  The  ESS  has  the  rapability  to  load  and  unload  both  the  HLV  and 
the  IDS  but  only  the  IQS  capability  has  been  incorporated  directly  into 
the  transportation  mode).  The  ESS  also  has  the  capability  to  do  minimum 
servicing,  such  as  fueling  (only  L5  has  the  capability  to  do  major 
repairs),  on  the  IDS. 


fioncttat  Lonary  Farth  Qrhi  t  ifiEfl) 

The  Satellite  Solar  Power  Station  (SSPS),  the  major  product  o-f  the 
SCHS,  will  be  constructed  in  geostationary  Earth  orbit  to  supply  the 
Earth  with  inexpensive  electrical  power  -from  sunlight.  The  SSPSs  are 
built  in  parts  and  then  transported  in  lOSs  to  GEO  to  be  constructed. 
To  accomplish  this  mission,  a  Satellite  Construction  Shack  (SCS)  will  be 
needed  to  house  the  crew  who  will  put  together  the  SSPSs.  The  SCS  must 
also  have  the  capability  to  unload,  service  (minimum),  and  load  lOSs. 
If  needed,  the  SCS  could  be  moved  to  a  new  location  after  an  SSPS  is 
completed. 

The  SSPSs  could  be  constructed  where  the  parts  are  built  (Ref  11) 
and  slowly  transported  under  their  own  power  to  GEO.  This  would  require 
many  months  of  transport  time  and  an  SSPS  to  have  its  own  propulsion 
system  that  may  never  be  used  again.  Because  the  number  of  different 
types  of  space  vehicles  that  transport  cargo  in  the  SCHS  was  to  be  kept 
at  a  minimum,  it  was  decided  to  do  the  construction  at  GEO. 
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The  SCMS  subsystem  at  LLO  is  conceptually  identical  to  the 
subsystem  at  LEO  except  this  subsystem  is  in  lunar  orbit.  The  SCMS  will 
require  an  Lunar  Space  Station  <LSS)  to  reside  in  low  lunar  orbit.  The 
LSS  will  recieve  LLV  -from  the  Moon  and  transfer  the  LLV^s  cargo  to  an 
lOS  for  transport  to  other  parts  of  the  SCMS.  By  hawing  an  LSS,  the  LLV 
can  be  a  smaller  launch  wehicle  while  still  delivering  the  same  amount 
of  cargo  into  space;  the  LLV  can  be  launched  even  when  an  lOS  in  not 
available;  and  an  lOS  can  deliver  a  cargo  to  LLO  even  when  a  vehicle  is 
not  waiting  to  deliver  the  cargo  to  the  Moon''s  surface.  The  LSS  has  the 
capability  to  load  and  unload  both  the  LLV  and  the  lOS  but  only  the  IDS 
capability  has  been  incorporated  directly  into  the  transportation  model. 
The  LSS  also  has  the  capability  to  do  minimum  servicing  on  the  lOS. 


Unstable  Laprangian  Eoint  Two  LL2I 

The  L2  subsystem  of  the  SCMS  not  only  contains  the  facilities  in 
orbit  at  L2  but  also  facilities  on  the  lunar  surface.  The  facilities  on 
the  lunar  surface  will  mine  the  lunar  ore,  prepare  it  for  shipment  to  L2 
via  mass  driver,  and  send  the  ore  to  L2  to  be  captured  by  a  mass 
catcher.  The  SCMS  will  also  require  a  small  space  station  at  L2  which 
will  house  the  crew  for  the  mass  catcher  and  the  IDS  service  facility. 
The  space  station  will  have  the  facilities  to  prepare  the  lunar  ore  for 
shipment  to  L5  and  will  also  have  the  capability  to  unload,  service 
(minimum),  and  load  lOSs. 

Lunac  Mining  Ear  i  1  i  ty  ,(LMF) .  The  Lunar  Mining  Facility  (LMF)  mines 
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lunar  ore  and  packages  the  ore  for  shipment  to  L2.  The  LMF  will  be 
located  in  the  Cayley  area  of  the  Moon  (4  deg.  N.,  IS  deg.  E.)  where 
Apollo  16  landed.  This  site  was  choosen  because  of  *the  richness  of  the 
lunar  ore,"  "the  suitably  flat  terrain"  for  the  mass  driver  launcher, 
and  "the  near-side  equatorial  region  gives  a  suitable  trajectory"  to  L2 
<Ref  11:  106).  Even  though  the  Cayley  area  was  choosen,  it  is  not  the 
best  site  for  the  mass  driver.  The  best  site  for  the  mass  driver  is  at 
33.1  deg.  east  logitude,  near  the  craters  Censor inus  and  Meskelyne  (Ref 
23:  89).  The  "best  site"  was  not  choosen  because  of  the  lack  of 
knowledge  of  the  composition  of  the  lunar  ore  at  that  site. 

The  lunar  ore  will  be  used  in  building  space  colonies  at  L4  and  L5 
and  building  SSPSs.  The  lunar  ores  are  not  rich,  but  they  are  adequate. 
They  contain  plagioclase  and  anorthosite  which  are  sources  of  aluminum, 
ilmenite  which  is  a  source  of  titanium  and  iron,  and  silica.  Silica, 
which  on  the  Earth  is  a  useless  waste  product,  is  of  value  in  space. 
The  ores  also  contain  oxygen  chemically  bound  to  the  metals  and  the 
silicon  (Ref  23:  79-80).  The  Cayley  area  has  a  aluminum  content  of 
between  4.S  and  14.4  percent  (Ref  11:  106). 

Mass  Dp iupr -  ‘In  brief,  a  mass  driver  is  an  electrically  driven 
machine  for  the  conversion  of  energy  into  kinetic  form  as  high-velocity 
payloads,  each  of  which  is  some  tens  of  kilograms.  A  small  vehicle 
(bucket)  containing  superconducting  coils  is  supported  and  quided 
without  physical  contact  by  dynamic  magnetic  levitation.  It  is 
accelerated  by  magnetic  fields  as  the  armature  of  a  linear  synchronous 
motor,  releases  its  payload,  is  decelerated  magnetically  with  return  of 
energy  to  the  power  supply,  and  then  recirculates  to  pick  up  and 
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Figure  2.5  Design  For  A  Mass  Driver  (Ref  12:  73) 


orbit.  The  SSPS  is  needed  to  supply  power  to  the  LMF  during  the  14-day 
lunar  night.  The  mass  driver  could  accelerate  20  kg.  packets  at  a  rate 
oF  approximately  one  packet  per  second  to  the  lunar  escape  velocity: 
2400  m/sec  <ReF  12:  73).  The  packets  oF  lunar  ore  would  be  packaged  in 
Fiberglass  sacks  which  are  manuFactured  at  the  LMF  out  oF  lunar  soil 
<ReF  12:  125-124). 


Mass  Catcher.  Once  the  mass  driver  propels  the  lunar  ore  packets 
From  the  lunar  surFace,  there  roust  be  a  way  to  capture  the  packets  For 
shipment  to  L5.  A  mass  catcher  is  placed  at  L2,  considered  the  best 
receiving  point  For  collecting  lunar  material  (ReF  12:  22),  to  do  this 
task.  The  mass  catcher  is  a  device  which  either  passively  or  actively 


catches*  the  lunar  ore  packets. 
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Figure  2.6  Mass  Driver  Planar  Bucket  Geometry  (Ref  12:  42,  50) 


One  type  of  passive  mass  catcher  (see  Figure  2.7)  is  a  large 
rotating  conical  structure  which  because  of  its  size  (100  m.  in  radius) 
is  a  good  'target*  for  the  mass  driver.  The  packets  of  lunar  material 
break  up  when  they  strike  the  front  of  the  mass  catcher  which  is  a  wire 
grid.  The  ore  enters  the  mass  catcher  and  is  kept  inside  because  of 
‘centrifugal  force*.  Dr.  Heppenheimer  in  his  book  rninn iog  iq  Spar p 
suggests  using  these  mass  catchers  as  space  ore  carriers 
('supertankers*)  which  can  haul  hundreds  of  thousands  of  tons  of  lunar 


material  to  L5.  These  space  ore  carriers  will  use  rotary  pellet 


Figure  2.7  Passive  Mass  Catcher  <Ret  11:  80) 

launcher  <RPL)  (see  Figure  2.8)  as  the  propulsion  device  (see  the  above 
mentioned  book  tor  the  description  of  the  RPL)  and  will  take  man/  weeks 
to  transit  between  L2  and  LS.  He  assumes  there  will  be  several  carriers 
in  service  at  an/  given  time  with  one  mass  catcher  on  dut/  at  L2  at  all 
times  (Ret  24;  90-93). 

An  active  mass  catcher  (see  Figure  2.9)  actively  tracks  a  lunar  ore 
packet  and  then  positions  itselt  to  capture  the  packet.  The  mass 
catcher  thet<  slows  the  packet  down  and  directs  it  to  a  storage  area 
where  the  ore  is  loaded  into  an  space  ore  carrier  (Ret  11:  110).  It  the 
mass  catcher  is  designed  to  intercept  the  packets  ot  lunar  material, 
intact,  the  tiberglass  sacks  could  be  used  to  store  the  lunar  material 
in  space  prior  to  shipment  to  L5  (Ret  12:  128).  This  study  assumes  an 
active  mass  catcher  as  did  the  1975  NASA-Ames  Summer  Stud/.  The  IDS  is 


Figure  2.8  Rotary  Pellet  Launcher  (ReF  11:  109) 

utilized  as  the  space  ore  carrier. 

Stable  I  agranpian  Pnin*  Eouc  ILAl 

The  SCMS  will  require  a  large  space  colony,  with  an  approximate 
population  o-f  10,000  people,  at  L4.  The  space  colony  will  have  the 
■facilities  to  transform  raw  materials  tprocessed  lunar  and  asteroidal 
ore  from  L5)  into  new  space  colonies  at  L4  and  parts  for  SSPS's  which 
will  be  constructed  at  GEO.  The  space  colony  will  also  have  the 
capability  to  unload,  service  (minimum),  and  load  lOSs. 
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Figur#  2.10  Cylindrical  Spact  Colony  <Re^  6:  A-7) 

Anothar  spact  colony  concept  was  thr  Stanford  Torus  (see  Figure 
2.12).  This  space  colony,  a  rotating  torus,  was  developed  at  the  1T75 
NASA-Anes  Sumner  Study  which  was  also  co-sponsered  by  Stanford 
University  for  whom  the  space  colony  was  named.  The  initial  colony 
would  cost  around  S190.8  billion  with  future  colonies  costing  around 
♦112.7  billion  (Ref  11:  152-155). 

The  Stanford  Torus  would  require  a  mass  of  approximately  750,000 
metric  tons  which  does  not  include  the  mass  of  a  radiation  she i Id.  The 
1975  NASA-Ames  Summer  Study  suggests  using  a  passive  radiation  she i Id  to 
protect  the  inhabitants  from  cosmic  rays.  If  this  is  done,  a  sheild  of 
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Figure  2.11  Bernal  Sphere  Space  Colon/  (Re-f  11:  48> 


approximate!/  9,900,000  metric  tons  would  be  required  (Ret  11).  This 
stud/  will  use  the  Stanford  Torus  as  the  space  colonies  at  L4  and  L5. 
This  stud/  assumes  that  an  active  radiation  sheildwill  be  developed  in 
the  future  so  that  the  large  amounts  of  mass  are  not  needed. 


fiA»ai 1 i ta  Solar  Power  Station  XSSESl. 

An  important  goal  for  the  design  foi  space  colonization  is 
that  it  be  cornnerciall/  productive  to  an  extent  that  it  can 
attract  capital.  It  is  rather  striking  then  that  the  stud/ 
group  has  been  able  to  envision  onl/  one  major  economic 
enterprise  sufficient!/  grand  to  meet  that  goal.  No 

substitute  to  the  manufacture  of  solar  power  sate! 1 i tes  was 
concieved,  and  although  their  manufacture  is  like!/  to  be 
extreme!/  valuable  and  attractive  to  investors  on  Earth,  it  is 
a  definite  weakness  of  the  design  to  depend  entire!/  on  this 
one  particular  enterprise  (Ref  11:  54). 

This  stud/  also  looks  at  the  SSPS  as  its  on!/  product  but  it  should  be 

noted  that  selling  metals  to  the  Earth  might  also  be  a  ver/  profitable 
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the  space  colon/.  The  -first  type  is  a  SSPS  which  uses  closed  Bra/ton 
cycle  turbines.  This  system  uses  the  thermodynamic  properties  o-f  a 
working  -fluid  to  produce  the  electricity  <Ref  7:  129-133).  The  second 
type  of  SSPS  (see  Figure  2.13),  a  silicon  solar  cell  based  system,  was 
designed  by  Peter  Glaser.  This  study  choose  Glaser ''s  SSPS  for 
production  at  L4,  as  did  most  of  the  other  studies.  The  characteristics 
of  the  SSPS  (Ref  7:  115-128)  are  the  following  (prices  in  1974  dollars): 

1)  Power  »  5  GU.; 

2)  Mass  -  39,960,000  tb.  =  18,130,000  kg.; 

3)  Dimensions  =  13.1  km.  x  4.93  km.  x  0.21  km.; 

4)  Operational  lifetime  =  30  years; 

5)  Output  microwave  frequency  -  2.45  GHz.; 

6)  Cost  of  an  SSPS  =  $7.6  million; 

7)  Price  of  electrical  power  on  the  Earth  =  27.0  mils/kWh; 

8)  Expected  life-cycle  revenues  per  SSPS  =  $35  billion; 

9)  Operating  costs  for  the  SSPS  =  $140  million;  and 

10)  Development  costs  for  the  entire  SSPS  program  =  $20  billion. 


Stablfe  LagcangLan  Poiat  Eiue  iL5I 

The  SCMS  will  require  a  large  space  colony,  with  an  approximate 
population  of  10,000  people,  at  L5.  The  space  colony  will  have  the 
facilities  to  process  lunar  and  asteroidal  ore  to  recover  the  metals  and 
non-metals  required  by  the  SCMS.  The  space  colony  will  have  the 
facilities  to  transform  raw  materials  (processed  lunar  and  asteroidal 
ore)  into  new  space  colonies  at  L5  and  to  prepare  some  of  the  raw 
materials  for  shipment  to  L4.  The  space  colony  will  also  have  the 
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capability  to  unload  and  load  lOSs.  The  SCHS's  lOS  Repair  Facility, 
where  all  major  repairs  on  lOSs  will  be  per-formed,  will  be  located  at 
L5. 


dslaniuds.  To  make  a  space  colonization  and  manufacturing  system 
approach  any  type  of  economic  feasibility,  the  material  for  building 
space  colonies  and  SSPS's  must  come  from  a  location  other  than  the  Earth 
because  of  the  high  cost  of  transporting  material  from  the  Earth's 
surface  into  space.  The  most  obvious  source  of  the  extraterrestial 
material  is  the  Moon.  While  the  Moon  is  a  good  choice,  the  Moon  does 
not  contain  all  the  necessary  metals  and  non-metals  needed  by  the  SCMS, 
that  is,  hydrogen  for  water  and  fuel  and  carbon  for  agriculture  and 
chemical  proceses. 

To  correct  this  deficiency,  asteroidal  material  can  be  used  to 
either  supplement  or  eliminate  the  material  from  the  Moon.  While  the 
exact  composition  of  asteroids  is  not  known,  studies  of  meteorites  and 
reflective  spectroscopy  of  asteroids  have  given  estimates  of  the 
asteroidal  composition  (Ref  25).  Asteroids  are  catagorized  into  three 
basic  types  (Refs  26:  185-188): 

1)  Carbonaceous  chondrites  (CO,  which  are  a  particular  type  of 
stony  meteorite,  are  approximately  20  percent  iron,  contain 
water  and  carbon,  and  constitutes  about  80  percent  of  the 
asteroids; 

2)  Stony-irons  are  aproximately  a  50/50  mixture  of  minerals  and 
iron  metal  and  constitutes  about  10  percent  of  the  asteroids; 
and 

3)  Irons,  which  are  sometimes  called  nickel-irons  (Ni-Fe)  or 
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grouped  in  with  the  ston/  irons,  are  mostly  iron  but  may 
contain  10  to  25  percent  nickel  and  constitutes  roughly  the 
remaining  10  percent  o-f  the  asteroids. 

To  use  asteroidal  ore  in  the  SCMS,  the  ore  must  -first  be  brought  to 
L5.  To  accomplish  this,  an  IPSV  will  be  used  to  rendezvous  and 
transport  an  asteroid  back  to  L5.  The  1977  NASA-^es  Summer  Study 
describes  a  procedure  in  which  amass  driver  propelled  space  vehicle 
would  rendezvous  with  an  asteroid,  de-spin  the  asteroid,  place  the 
asteroid  into  a  large  wire  mesh  net,  and  tow  it  back  to  the  Earth-Moon 
system.  On  the  return  trip  to  the  Earth-Moon  system,  the  space  vehicle 
would  mine  the  asteroid,  do  enough  processing  of  the  asteroidal  ore  to 
retreive  some  of  the  valuable  minerals,  and  use  the  waste  products  from 
the  processor  as  fuel  for  the  mass  driver.  Starting  with  a  1,000,000 
metric  ton  asteroid,  the  space  vehicle  would  return  to  the  Earth-Moon 
system  with  approximately  a  532,000  metric  ton  fragment.  The  round  trip 
flight  time  for  the  IPSV  would  be  about  five  years  (Ref  13:  173-189). 
The  model  will  use  an  asteroid  with  a  returned  mass  of  525,000  metric 
tons  arriving  at  L5  with  an  arrival  rate  of  between  4.5  and  5.5  years. 

Ora  Prnrpc.<tinQ  Plant .  Qnce  the  lunar  and  asteroidal  ore  arrives  at 
L5,  it  must  be  processed  to  obtain  the  metals  and  non-metals  (raw 
materials)  needed  by  the  SCMS.  Since  the  lunar  ore  arrives  at  L5 
already  crushed  there  will  be  minimal  problems  injecting  the  ore 
directly  into  the  processing  system.  The  asteroidal  material  is  another 
problem.  .  arrives  at  L5  basicly  as  a  500,000  metric  ton  rock  with  the 
exception  of  the  minerals  processed  on  the  IPSV's  return  trip. 
Therefore  to  process  the  ore,  the  asteroid  will  have  to  be  mined  to 
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obtain  the  ore  in  a  small  enough  size  so  the  ore  can  be  placed  into  the 
processing  system.  The  space  colony  will  there-fore  require  a  mining 
-facility  to  mine  the  asteroid. 

Once  both  the  lunar  and  asteroidal  ore  are  prepared,  they  must  be 
processed.  Several  studies  suggested  possible  processing  schemes.  Some 
schemes  only  considered  lunar  ore  <Ref  12:  97-123);  other  schemes 
considered  only  asteroidal  ore  (Re-f  6i  A-51  -  A-55) ;  and,  -finally,  some 
systems  looked  at  processing  both  lunar  and  asteroidal  ore  (Ref  13: 
257-274).  Since  the  exact  processing  system  will  depend  on  the 
composition  of  the  lunar  soil  and  the  asteroids  and  future  improvements 
to  process  technology,  choosing  a  particular  processing  system  at  this 
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Figure  2.15  Asteroidal  Ore  Processing  Plant  (Re-f  6:  A-53) 


time  is  di-fficult.  Since  the  model  developed  in  Chapter  III  does  not 
depend  on  the  particular  processing  system  but  on  the  process  time,  a 
particular  process  was  not  used  but  the  lunar  and  asteroidal  ore 
processing  were  seperated.  Even  though  a  particular  s/stem  was  not 
choosen,  Figures  2.14  and  2.15  illustrate  two  possible  processing 
sx'stems:  one  for  lunar  ore  and  one  for  asteroidal  ore. 


Siuamacy 


F 


A  possible  structure  for  a  space  colonization  and  manufactur ing 
system  was  proposed  in  this  chapter.  The  exact  composition  of  this  SCMS 
is  conjecture  and  the  structure  was  arbitrarily  selected  so  as  to 
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prtsent  a  possibly  worst  cas«,  in  terms  o-f  size  and  complexity,  space 
colonization  and  manu-fac taring  system.  The  system  that  will  be 
developed  in  the  future  will  probably  have  all  the  elements  but  the 
structure  may  be  simplified.  The  next  chapter  will  take  the  SCMS  and 
develop  a  simulation  model  of  it  to  determine  what  will  be  the  sensitive 
points  in  the  transportation  system. 


Ill .  Ib£  Coap liter  Model  ioc  iiio 


a£  Ihe  SCMS 


Robert  E.  Shannon,  in  his  book  RygtAmit  Simulatioa,  has  de'fined 
simulation  as  the  ‘process  o-f  designing  a  model  O'f  a  real  s/stem  and 
conducting  experiments  with  this  model  tor  the  purpose  either  ot 
understanding  the  behavior  ot  the  system  or  o-f  evaluating  various 
stratagies  (within  the  limits  imposed  by  a  criterion  or  set  o-f 
criterion)  for  the  operation  of  the  system  (italics  removed!  (Ref  27: 
2).*  The  program  that  will  be  described  in  this  chapter  can  be  used  for 
both  of  these  purposes.  It  can  be  used  by  a  user  to  understand  what  is 
needed  in  a  transportation  system  for  a  space  colonization  and 
manufacturing  system  and  how  a  transportation  system  operates.  The 
program  can  also  be  used  to  evaluate  how  a  modification  to  the 
transportation  system  will  affect  the  entire  transportation  system. 


The  process  of  building  a  simulation  model  is  illustrated  in  Figure 
3.1.  As  can  be  seen,  the  process  is  iterative  with  each  step  building 


on  previous  steps  and  also  on  future  steps.  The 


o£  Ihe 


Prfthl«n>  Mas  given  in  Chapter  I  along  with  the  decision  to  use 


simulation.  The  System 


was  presented  in  Chapter  II.  The 


Model 


1,  Dale 


t,  Model 


will  be  presented  in  this  chapter.  The  Stategic  Plaoning,  lac tlca.l 


Blano-ipo, 


i,  and 


will  be  discussed  in 


Chapter  W.  The  Document  for  the  program  is  this  report  and  the 


will  be  left  up  to  the  user. 
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Modal 


Ifiai  2£i  1A=161 


Shannon  de-fined  a  model  as  "a  representation  o-f  an  object,  s)<steni, 
or  idea  in  some  -form  other  than  that  of  the  entity  itself  (Ref  27:  4).* 

Most  models  have  a  combination  of  the  following  ingredients: 

1)  components, 

2)  parameters, 

3)  variables, 

4)  functional  relationships, 

5)  constraints,  and 

6)  criterion  functions. 

CompooaAls.  Components  are  the  parts,  elements,  or  subsystems 
which  make  up  the  system  under  study.  In  this  system,  the  components 
are  the  subsystems  (LEO,  GEO,  LLO,  L2,  L4,  and  L5>  of  the  SCMS  and  the 
elements  which  make  up  the  subsystems,  such  as  the  unloading  and  loading 
docks  and  the  service  facilities. 

Bacamalau .  Parameters  or  modified  control  variables  are 
quantities  which  can  be  modified  by  the  user.  The  main  parameters  in 
the  model  are  the  probabilities  used  to  determine  branching  in  the 
Q-GERT  network;  the  size  of  an  I OS's  cargo;  and  the  masses  of  the  space 
colonies,  SSPSs,  and  asteroids. 

Uar  iahiag..  (Variables  are  quant  i  ties  which  can  take  on  only  those 
values  that  the  form  of  the  function  allows.  There  are  basically  two 
major  types  of  variables:  exogeneous  and  endogeneous.  Exogeneous  or 
input  variables  originate  or  are  produced  outside  of  the  system  or 
result  from  extermal  cause.  Other  names  for  the  input  variables  are 
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stochastic  and  indapandant  variablas.  Endoganaous  or  dapandant 
variablas  ara  ra-farrad  to  by  two  names  depending  on  their  use: 


1)  state  or  control  variablas  which  indicate  the  state  or 
condition  within  the  system,  and 

2)  output  or  response  variables  which  leave  the  system. 

The  input  variablas  used  in  the  model  are  the  HLV,  LLV,  and  mass 
driver  launch  rates  and  the  arrival  rata  o-f  asteroids.  The  status 
variables  are  the  unloading,  servicing,  loading,  travel,  building,  and 
processing  times.  The  output  variablas  ara  the  number  of  lOSs,  the 
number  of  new  space  colonies,  the  number  of  new  SSPSs,  the  number  of 
damagad/rat i red  lOSs,  the  number  of  old/ratirad  lOSs,  and  numbar/typa  of 
trips  made  by  lOSs. 


Eunciinnal  Relatinnships.  A  functional  relationship  describes  the 
relationship  between  variablas  and  parameters  to  show  their  behavior 


within  and/or  between  components  of  a  system. 


The  functional 


relationship  used  in  this  study  is  Queueing  Theory  (see  Chapter  I, 


"Methodology*) , 


Conslraints.  'Constraints  are  limitations  imposed  on  values  of  the 
variables  or  on  the  way  in  which  resources  can  be  allocated  or  expended. 
These  constraints  can  either  be  self-imposed  by  the  designer  or 
system- imposed  by  the  nature  of  the  system  (Ref  27:  16).*  The 
self-imposed  constraints  in  this  system  are  the  minimum  and  maximum 
values  for  the  Q-QERT  parameter  sets,  using  only  one  server  per 
activity,  and  using  only  one  asteroidal  miner.  The  system-imposed 
constraints  are  that  an  lOS  or  IPSV  can  travel  only  at  speeds  which  are 
technologically  feasible;  the  maximum  launch  rate  for  HL^s,  LLVs,  and 
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mass  drivers  can  bt  only  as  large  as  the  capability  o-f  the  launching 
-facility;  and  that  unloading,  servicing,  loading,  building,  and 

processing  times  can  be  only  as  small  as  technologically  -feasible. 

Cri  tprinn  Fiinr  ♦  inn .  ‘The  Criterion  function  is  an  explicit 

statement  of  the  objectives  or  goals  of  the  system  and  how  they  are  to 
be  evaluated.'  The  main  criterion  function  for  this  study  is  to 

determine  th*  np ♦  i miim  mimhpr  inter-Torbi  t  shuttles  needed  Jjx  Ihe 

trang.pftrtat iftn  «tyci.tpm  Ihe  Spare  Colon ijal ioD  and  Manufartur ing 
Sxslem.  Uhere  'optimum*  is  defined  as  the  number  of  lOSs  needed  to 
always  have  a  ship  to  haul  a  cargo  of  raw  materials  from  L5  to  L4  while 
there  are  no  excess  lOSs  or  cargos  at  any  other  point  in  the  system  for 
an  inordinate  amount  of  time. 


Dale  Preparation 

The  data  needed  by  the  model  was  obtained  in  two  ways.  The  first 
was  from  books  on  the  subject  (Ref  5-16,  20-25)  which  gave  estimates  on 
travel  times,  masses,  etc.  The  other  method  was  estimates  by  the  model 
designer.  These  estimates  were  on  the  probabilities  used  in  branching 
and  on  the  unloading,  servicing,  and  loading  times.  The  estimates  for 
building  and  processing  times  were  made  by  a  combination  of  these 
methods.  To  obtain  better  results  the  user  might  have  to  obtain  updated 
or  possibly  new  estimates  on  all  parameters  and  variables. 


Model  Iranslaiion 


Described  in  this  section  is  the  computer  simulation  model  for  the 


transportation  system  of  the  Space  Colonization  and  Manufacturing  System 
<SCHS).  The  computer  model  was  first  developed  as  a  six  node 
transportation  system  for  the  SCMS.  Each  node  was  then  developed  as  a 
multiple  queueing  system  in  which  the  lOSs  were  unloaded,  serviced,  and 
loaded;  the  space  colonies  and  SSPSs  were  built;  and  lunar  and 
asteroidal  ore  was  processed.  Each  node  in  the  transportation  system 
will  have  the  same  names  as  the  subsystems  of  the  SCMS.  For  the  rest  of 
this  section,  the  nodes  of  the  transportation  system  will  be  called 
subsystems  as  was  done  in  Chapter  II.  The  term  'node*  will  be  used  to 
refer  to  Q-GERT  nodes.  The  subsystems  of  the  transportation  system  are 
the  following: 

1)  Low  Earth  Orbit  (LEO), 

2)  Geostationary  Earth  Orbit  <GE0>, 

3)  Low  Lunar  Orbit  (LLO), 

4)  Unstable  Lagrangian  Point  Two  (L2>, 

5)  Stable  Lagrangian  Point  Four  (L4) ,  and 

6)  Stable  Lagrangian  Point  Five  (L5>. 

Because  of  the  lack  of  knowledge  of  the  exact  distribution  for  an 
activity  time  in  the  model  (Activities),  a  uniform  distribution  for  each 
activity  time  was  assumed.  Minimum  and  maximum  values  for  each 
distribution  were  selected  as  described  in  the  previous  section.  The 
proper  values  for  these  minimum  and  maximum  values,  the  correct 
distributions,  and  the  number  of  servers  should  be  selected  by  the  user 
based  on  his  knowledge  of: 

1)  the  type  of  propulsion  system  that  will  be  used  in  his  models 
lOSs, 

2)  the  difficulty  in  loading  and  unloading  an  IDS, 
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3)  how  much  time  it  takes  to  service  an  lOS, 

4)  the  reliability  o-f  an  lOS, 

5)  the  time  to  build  the  space  colony  that  wilt  be  used  in  his 
study, 

6)  the  time  to  build  SSPS  parts  and  complete  SSPSs  that  will  be 
used  in  his  study, 

7)  the  processing  scheme  used  to  process  lunar  and  asteroidal  ore, 
and 

8)  the  size  o-f  a  cargo  -for  an  lOS. 

To  describe  the  computer  model  o-f  the  transportation  system,  the  study 
will  -follow  a  hypothetical  IDS  as  it  travels  to  and  through  each 
subsystem  in  the  system.  Each  subsystem  wi  1 1  be  described  in  terms  o-f 
the  elements  which  were  given  in  Chapter  II  and  the  Q-8ERT  structures 
that  were  used  to  represent  the  model.  A  listing  of  the  computer 
model/program  is  given  in  Appendix  A  with  the  Q-6ERT  nodal  diagram  given 
in  Appendix  B.  A  description  o-f  the  Q-GERT  structures  used  in  this 
program  given  in  terms  o-f  the  nodal  structure  and  the  Q-GERT  Analysis 
Program's  input  cards  can  be  -found  in  Ref  1?. 

U)iii  gAPth  nphit  iLEQI.  An  IDS  will  arrive  at  LEO  (Node  1>  loaded 
with  a  cargo  of  miscellaneous  items.  After  arriving,  the  IDS  will  be 
unloaded  (Node  2  and  Activity  1)  and  then  serviced  (Node  4  and  Activity 
2).  Next  a  decision  (Node  5)  will  be  made  to  determine  if  the  lOS  will 
go  unloaded  to  L2  (Node  8),  to  provide  extra  ships  for  transporting 
lunar  ore  between  L2  and  L5,  or  to  load  (Node  6)  the  IDS  with  a  cargo  of 
miscellaneous  items  from  the  Earth  for  another  destination  in  the  SCMS. 
If  the  decision  is  to  get  a  cargo  from  the  Earth,  the  IDS  will  be  placed 
in  a  waiting  line  (Node  7)  to  wait  for  the  next  HLL*  launch.  (Decisions 


are  based  on  probabilities  which  are  stored  in  Attributes  S,  6,  7,  and  8 
o-f  the  IDS  or  the  Transaction.) 

The  HLVs  will  be  launched  (Node  9)  stochast i call /  using  a  uniform 
distribution.  Based  on  the  size  of  the  the  size  of  the  lOS,  and 
how  full  the  IDS  will  be  when  leaving  LEO,  LEO  will  prepare  (Node  10)  an 
lOS  cargo  which  could  be  made  up  of  multiple  or  fractional  HLV  cargos. 
After  the  cargo  is  prepared  (Node  11),  the  cargo  will  be  placed  into 
storage  (Node  12)  to  wait  for  the  next  lOS.  Uhen  both  the  cargo  and  the 
I OS  are  at  LEO,  the  cargo  will  be  loaded  (Node  13  and  Activity  3)  into 
the  lOS  and  the  lOS  will  be  sent  to  another  SCMS  subsystem  (Nodes  15-18) 
based  on  a  prob.oi I i st i c  decision  (Node  14).  (Travel  times  between  SCMS 
subsystems  are  determined  by  Attribute  4  of  the  lOS.) 

R»n«i»a»  i  nnary  Fapfh  Ochi ».  IfiJEQl.  An  I  OS  Will  arrive  at  GEO  (Node 
19)  loaded  with  either  a  cargo  of  miscellaneous  items  (Node  20)  or  a 
cargo  of  SSPS  parts  (Node  23).  (The  type  of  cargo  is  determined  by 
Attribute  3  of  the  lOS.)  The  lOS  with  a  cargo  of  miscellaneous  items 
will  be  unloaded  at  Unloading  Dock  No.  1  (Node  21  and  Activity  4)  and 
then  head  toward  the  service  facility  (Node  29).  The  lOS  with  a  cargo 
of  SSPS  parts  will  be  unloaded  at  Unloading  Dock  No.  2  (Node  24  and 
Activity  5)  and  head  for  the  service  facility  (Node  29)  after  being 
separated  from  the  SSPS  parts  (Node  25). 

All  lOSs  will  be  serviced  (Node  30  and  Activity  6)  prior  to  the 
decision  (Node  31)  to  have  the  IDS  leave  GEO  either  loaded  (Node  32)  or 
unloaded  (Node  34).  If  the  lOS  leaves  GEO  unloaded,  another  decision 
(Node  34)  will  have  to  be  made:  Will  the  lOS  go  to  L4  (Node  35)  or  L2 
(Nod  H[  AUHH)H!^;DH  ich  is  to  be  loaded,  will  be  loaded  (Node  33  and 


Activity  8)  with  a  cargo  oi  miscellaneous  items  and  sent  to  another  SCMS 
subsystem  (Nodes  38-42)  based  on  a  probabal istic  decision  (Node  37).  An 
assumption  is  made  here  that  there  will  always  be  a  cargo  ready  to  be 
loaded. 

The  SSPS  parts,  a-fter  being  unloaded  from  the  IDS  at  Unloading  Dock 
No.  2,  will  be  placed  in  storage  (Node  26)  to  await  being  installed  on 
an  SSPS  (Activity  7).  For  the  SSPS  utilized  in  this  study,  it  will  take 
twelve  IDS  cargo  loads  of  SSPS  parts  (18,000  metric  tons)  to  have  enough 
material  to  build  a  complete  SSPS  (Node  27)  and  will  take  approximately 
one  year  to  do  the  construction.  The  completed  SSPS  will  then  be  placed 
into  service  (Node  28)  supplying  the  Earth  with  electrical  power. 

Leu  Lunac  (khil  (LLfl) .  An  IDS  will  arrive  at  LLO  (Node  42)  loaded 
with  a  cargo  of  miscellaneous  items.  After  arriving,  the  lOS  will  be 
unloaded  (Node  43  and  Activity  9)  and  then  serviced  (Node  45  and 
Activity  10).  Next  a  decision  (Node  46)  will  be  made  to  determine  if 
the  lOS  will  go  to  L2  (Node  4?)  or  to  load  (Node  47)  the  IDS  with  a 
cargo  of  miscellaneous  items  from  the  Moon  for  another  destination  in 
the  SCMS.  If  the  decision  is  to  go  to  L2  then  another  decision  (Node 
49)  will  have  to  be  made:  Does  the  IDS  go  to  L2  loaded  (Node  50)  or 
unloaded  (Node  53).  If  the  decision  is  to  send  the  IDS  loaded  to  L2, 
then  the  lOS  will  be  loaded  at  Loading  Dock  No.  2  (Node  51  and  Activity 
12).  If  the  decision  is  to  get  a  cargo  from  the  Moon,  the  IDS  will  be 
placed  in  a  waiting  line  (Node  48)  to  wait  for  the  next  LL*J  launch. 

The  LLVs  will  be  launched  (Node  54)  stochastically  using  a  uniform 
distribution.  Based  on  the  size  of  the  LLU,  the  size  of  the  IDS,  and 
how  full  the  IDS  will  be  when  leaving  LLO,  LLO  will  prepare  an  lOS  cargo 
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which  could  be  made  up  O'f  multiple  or  fractional  LLt/  cargos  (Node  55). 
After  the  cargo  is  prepared  (Node  5^),  the  cargo  will  be  placed  into 
storage  (Node  57)  to  wait  for  the  next  IDS.  When  both  the  cargo  and  the 
IDS  are  at  LLO,  the  cargo  will  be  loaded  into  the  lOS  at  Loading  Docl. 
No.  1  (Node  58  and  Activity  11)  and  the  IDS  will  be  sent  to  another  SCMS 
subsystem  (Nodes  60-63)  based  on  a  probabilistic  decision  (Node  59). 

Unslabla  i  agranQian  Point  luo  11-21.  An  IDS  will  arrive  at  L2  (Node 
64)  either  loaded  (Node  65)  with  a  cargo  of  miscellaneous  items  from  LLO 
or  unloaded  (Node  68).  (The  status,  loaded/unloaded,  of  an  lOS  is 
determined  by  Attribute  2  of  the  lOS.)  The  lOS  with  a  cargo  of 
miscellaneous  items  will  be  unloaded  (Node  66  and  Activity  13)  and  then 
head  toward  the  service  facility  (Node  69)  while  the  unloaded  lOS  will 
head  directly  to  the  service  facility  (Node  69). 

All  lOSs  will  be  serviced  (Node  70  and  Activity  14)  prior  to  making 
the  decision  (Node  71)  to  have  the  lOS  leave  L2  loaded  with  a  cargo  of 
miscellaneous  items  (Node  74)  or  a  cargo  of  lunar  ore  (Node  72).  If  the 
decision  is  to  send  a  cargo  of  miscellaneous  items  to  LLO,  then  the  lOS 
will  be  loaded  at  Loading  Dock  No.  2  (Node  75  and  Activity  16)  prior  to 
being  sent  to  LLO  (Node  76).  If  the  decision  is  to  send  a  cargo  of 
lunar  ore  to  L5,  the  lOS  will  be  placed  in  a  waiting  line  (Node  73)  to 
wait  for  the  next  complete  cargo  of  lunar  ore. 

The  lunar  ore  is  sent  to  L2  by  means  of  a  mass  driver  (Node  77). 
The  mass  driver  is  assumed  to  launch  approximately  105,000  metric  tons 
of  lunar  ore  per  year  to  L2.  This  value  is  one-fifth  of  the  mass  of  an 
asteroid  and  thus  the  Noon  and  an  asteroid  will  supply  approximately  the 
same  mass  per  year  to  L5.  For  a  mass  driver  to  launch  this  amount  of 
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mass  in  a  year,  the  mass  driver  will  have  to  launch  a  20  kg.  packet  of 
lunar  ore  approximately  once  every  six  seconds.  Because  it  would  take 
75,000  packets  to  fill  the  1500  metric  ton  capacity  lOS,  the  'packets* 
were  redefined  as  a  mass  of  1500  metric  tons  which  will  be  launched 
approximately  once  every  5.2  days. 

The  packets,  which  are  launched  stochastically  by  the  mass  driver 
(Node  77)  using  a  uniform  distribution,  will  be  caught  by  a  mass  catcher 
(Node  78)  located  at  L2.  The  packets  will  be  prepared  as  a  cargo  for 
the  lOS  (Node  79)  and  then  placed  into  storage  (Node  80)  to  wait  for  the 
next  IDS.  When  both  the  cargo  and  the  IDS  are  at  L2,  the  cargo  will  be 
loaded  into  the  lOS  at  Loading  Dock  No.  1  (Node  81  and  Activity  15)  and 
the  IDS  will  be  sent  to  L5  (Node  82). 

Stable,  Lapcangian  Eoinl  Enuc  ULdl.  An  lOS  will  arrive  at  L4  (Node 
83)  either  loaded  (Node  85)  or  unloaded  (Node  84).  If  the  lOS  is 
unloaded,  it  will  head  directly  to  the  service  facility  (Node  92).  If 
the  IDS  is  loaded,  it  can  Lave  one  of  two  types  of  cargos.  An  IDS  with 
a  cargo  of  miscellaneous  items  (Node  86)  will  be  unloaded  at  Unloading 
Dock  No.  1  (Node  87  and  Activity  17)  and  then  head  to  the  service 
facility  (Node  92).  An  IDS  with  a  cargo  of  raw  materials  (Node  89)  from 
L5  will  be  unloaded  at  Unloading  Dock  No.  2  (Node  90  and  Activity  18) 
and  then  head  for  the  service  facility  (Node  92)  after  being  seperated 
(Node  91)  from  the  raw  materials. 

All  lOSs  will  be  serviced  (Node  93  and  Activity  19)  prior  to  making 
the  decision  (Node  103)  of  sending  the  IDS  unloaded  to  L2  (Node  104)  or 
sending  the  IDS  loaded  to  another  SCMS  subsystem  (Node  105).  If  the 
decision  is  to  load  the  IDS,  then  another  decision  (Node  105)  will  have 
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to  be  made:  what  type  of  cargo  will  be  sent?  H  the  cargo  will  be  made 
up  o-f  miscellaneous  items  (Node  106),  then  the  lOS  will  be  loaded  at 
Loading  Dock  No.  1  (Node  107  and  Activity  20)  (An  assumption  is  made 
here  that  there  will  always  be  a  cargo  to  be  loaded.)  and  the  lOS  will 
be  sent  to  another  SONS  subsystem  (Nodes  113-116)  based  on  a 
probabal i st i c  decision  (Node  112).  H  the  decision  is  to  load  the  I OS 
with  a  cargo  ot  SSPS  parts  (Node  108)  tor  GEO,  the  lOS  will  be  placed  in 
a  waiting  line  (Node  109)  -for  the  next  cargo  o-f  SSPS  parts. 


Since  the  raw  materials  -from  L5  can  be  utilized  in  two  fashions,  a 
decision  must  be  made  to  determine  (Node  94)  where  the  raw  materials 
will  be  used.  If  the  decision  is  to  build  SSPS  parts  (Node  95),  the  raw 
materials  will  be  placed  into  storage  (Node  96)  to  wait  to  be 
transformed  (Activity  21)  into  SSPS  parts  which  will  be  prepared  (Node 
97)  as  a  cargo  for  an  lOS  and  will  be  placed  in  storage  (Node  98)  to 
wait  for  the  next  lOS.  Uhen  both  the  cargo  and  the  lOS  are  at  L4,  the 
cargo  will  be  loaded  into  the  IDS  at  Loading  Dock  No.  2  (Node  110  and 
Activity  23)  to  be  sent  to  GEO  (Node  111). 


If  the  decision  is  to  use  the  raw  materials  in  the  construction  of 
a  new  space  colony  (Node  99)  at  L4,  the  raw  materials  will  be  placed 
into  storage  (Node  100)  to  wait  to  be  transformed  (Activity  22)  into 
part  of  the  new  space  colony.  For  the  space  colony  utilized  in  this 
study,  it  will  take  500  lOS  cargo  laods  of  raw  materials  (750,000  metric 
tons)  to  have  enough  materials  to  build  a  complete  space  colony  (Node 
101)  and  it  will  take  approximately  ten  years  to  do  the  construction. 
The  completed  space  colony  will  then  be  placed  into  service  (Node  102) 
to  supply  more  living  space  for  the  colonists. 
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Stablp  Lagrangiao  Eoini  Fiua  iLS.) .  An  lOS  wiil  arrive  at  L5  (Node 
117)  loaded  with  either  a  cargo  o-f  miscellaneous  items  (Node  118)  or  a 
cargo  ot  lunar  ore  (Node  121).  An  IDS  with  a  cargo  o-f  miscellaneous 
items  will  be  unloaded  at  Unloading  Dock  No.  1  (Node  119  and  Activity 
24)  and  then  head  toward  the  service  facility  (Node  124).  An  IDS  with  a 
cargo  of  lunar  ore  will  be  unloaded  at  Unloading  Dock  No.  2  (Node  122 
and  Activity  25)  and  head  for  the  service  facility  (Node  124)  after 
being  seperated  from  the  lunar  ore. 

Prior  to  servicing,  all  lOSswill  be  checked  for  their  age  (Node 
124)  and  if  an  IQS  is  over  ten  years  old,  it  will  be  retired  (Node  125). 
If  an  IDS  is  less  than  ten  years  old,  a  decision  (Node  \26>  will  be  made 
to  determine  if  the  IDS  needs  major  repairs.  If  the  IDS  needs  only 
normal/minor  repairs  (Node  127),  it  will  be  sent  to  Service  Facility 
No.  1  (Node  128  and  Activity  26).  If  the  IDS  needs  major  repairs  (Node 
130),  another  decision  (Node  130)  will  have  to  be  made:  Is  the  IDS 
repairable?  If  the  IDS  is  not  repairable,  it  will  be  retired  (Node 
134).  If  the  lOS  is  repairable,  it  will  be  sent  to  Service  Facility 
No.  2  (Node  132  and  Activity  27). 

For  all  servicable  lOSs,  a  decision  (Node  155)  will  be  made  to 
determine  if  an  IDS  will  go  unloaded  to  L2  (Node  156)  or  get  loaded  with 
a  cargo  (Node  158).  If  the  IDS  is  to  be  loaded,  then  another  decision 
will  have  to  be  made:  Ulhat  type  of  cargo  will  leave  L5?  If  the  decision 
is  to  load  the  IDS  with  a  cargo  of  miscellaneous  items  (Node  163),  the 
IDS  will  be  loaded  at  Loading  Dock  No.  2  (Node  164  and  Activity  33)  (An 
assumption  is  made  here  that  there  will  always  be  a  cargo  to  be  loaded.) 
and  sent  to  another  SCMS  subsystem  (Nodes  166-169)  based  on  a 


probabilistic  decision  (Node  1^5).  1-f  the  decision  is  to  load  the  lOS 
with  a  cargo  of  raw  materials  (Node  159)  -for  L4,  the  lOS  will  be  placed 
in  a  waiting  line  (Node  160)  to  wait  -for  the  next  complete  cargo  o-f  raw 
mater i al s. 


Asteroids  arrive  at  L5  (Node  137)  stochastically'  using  a  uni-form 
distribution  approximate!/  once  ewer/  five  /ears.  The  asteroids  are 
placed  in  storage  (Node  138)  until  the  miner  (Node  140)  is  -free.  When 
the  miner  is  -free  and  an  asteroid  is  in  storage,  the  miner  starts  mining 
the  asteroid  at  the  Asteroid  Miner  (Node  141-142  and  Activit/  29) 
-facilit/.  As  the  asteroid  is  mined,  1500  metric  ton  chunks  are  sent  to 
the  processor  (Node  143).  An  asteroid,  which  has  a  mass  o-f 
approximate!/  525,000  metric  tons,  will  take  approximate!/  five  /ears  to 
mine  and  process.  Once  the  asteroid  is  mined,  the  miner  is  freed  (Node 
139). 


After  the  lunar  ore  is  separated  from  the  IDS,  it  is  sent  to 
Processing  Plant  No.  1  to  be  processed  while  the  asteroidal  ore  is  sent 
to  Processing  Plant  No.  2.  Once  the  lunar  or  asteroidal  ore  is 
processed,  a  decision  (Node  146)  will  be  made  to  determine  where  the  raw 
materials  will  be  used.  The  raw  materials  can  be  used  at  L5,  at  L4,  or 
as  fuel,  which  is  the  slag  from  the  processing  plants,  for  the  IPSV.  If 
the  decision  is  to  send  the  raw  materials  to  L4,  the  raw  materials  will 
be  placed  in  storage  (Node  153)  to  wait  for  the  next  IDS.  Uhen  both  the 
cargo  and  the  IDS  are  at  L5,  the  cargo  will  be  loaded  into  the  IDS  at 
Loading  Dock  No.  1  (Node  161  and  Activit/  32)  to  be  sent  to  L4  (Node 
162). 


If  the  decision  is  to  use  the  raw  materials  in  the  construction  of 


a  new  space  colon/  (Node  146)  at  L5,  the  raw  materials  will  be  placed 
into  storage  (Node  149)  to  wait  to  be  trans-formed  (Activity  31)  into 
part  o-f  the  new  space  colon/.  For  the  space  colon/  utilized  in  this 
stud/,  it  will  take  the  equivalent  of  500  lOS  cargo  laods  of  raw 

materials  (750,000  metric  tons)  to  have  enough  materials  to  build  a 
complete  space  colon/  (Node  150)  and  it  will  take  approximate!/  ten 

/ears  to  do  the  construction.  The  completed  space  colon/  will  then  be 
placed  into  service  (Node  151)  to  supply  more  living  space  -for  the 
colonists. 

Initial inn.  The  Q-6ERT  network  is  initialized  by  Node  170 

which  triggers  -five  activities: 

1)  the  arrival  of  the  first  HLV  (Node  9), 

2)  the  arrival  of  the  first  LLV  (Node  54), 

3)  the  arrival  of  the  first  mass  driver  packet  (Node  77), 

4)  the  arrival  of  the  first  IPSV  (Node  137),  and 

5)  the  generation  of  the  first  five  lOSs  (Node  154). 

Therefore,  the  initial  conditions  for  the  Q-GERT  network  are  the 

f ol lowing: 

1)  a  HLi.*  cargo  at  LEO, 

2)  no  SSPS  at  GEO, 

3)  a  LLLl  cargo  at  LLO, 

4)  a  cargo  of  lunar  ore  at  L2, 

5)  one  space  colon/  at  L4, 

6)  an  asteroid  at  L5, 

7)  one  space  colony  at  L5, 

8)  five  lOS  in  the  SCtiS,  and 

9)  all  unloading  docks,  servicing  facilities,  loading  docks, 


4  nfw  space  colon/  <Node  148)  at  LS,  the  raw  materials  will  be  placed 
into  storage  (Node  149)  to  wait  to  be  trans-formed  (Activity  31)  into 
part  o4  the  new  space  colon/.  For  the  space  colon/  utilized  in  this 
study,  it  will  take  the  equivalent  oi  500  lOS  cargo  laods  of  raw 
materials  (750,000  metric  tons)  to  have  enough  materials  to  build  a 
complete  space  colony  (Node  150)  and  it  will  take  approximately  ten 
years  to  do  the  construction.  The  completed  space  colony  -  i  •  1  thi>n  be 
placed  into  service  (Hode  151)  to  supply  oaore  living  space  -for  the 
colonists 

iTatiftft.  The  Q-6ERT  network  is  initialized  i.-.y  Node  i7ii 
i>'hici)  triggers  -Hve  activities: 

s)  the  arri-jal  of  the  first  HLV  (Node  9), 

2)  he  arrival  of  the  first  LLV  (Node  54), 

3)  the  arrival  of  the  first  mass  driver  packet  (Node  77), 

4)  the  arrival  of  the  first  IPSV  (Node  137),  and 

5)  the  generation  of  the  first  five  lOSs  (Node  154). 

Therefore,  the  initial  conditions  for  the  0-GERT  network  are  the 
fol lowing: 

1)  a  HLV  cargo  at  LEO, 

2)  no  SSPS  at  GEO, 

3)  a  LLLi  cargo  at  LLO, 

4)  a  cargo  of  lunar  ore  at  L2, 

5)  one  space  colony  at  L4, 

6)  an  asteroid  at  L5, 

7)  one  space  colony  at  LS, 

8)  five  lOS  in  the  SCNS,  and 

9)  all  unloading  docks.  servi.:ing  tacilities.  loading  docks, 


processing  plants,  mining  'facilities  except  for  the  asteroid 
miner  itself  (Node  140),  and  storage  facilities  are  empty,  that 
is,  all  queues  are  empty  and  all  servers  are  free. 

ii«^ar  Fimrt i nn  aod  finhprm f i .  Q-GERT  a1 1  ows  the  user  to  modify 
the  Q-GERT  network  and  produce  user  generated  statistics  by  use  of  a 
user  function  and  three  user  subroutines.  The  User  Function  <UF)  is 
used  by  the  user  to  interact  with  the  Q-GERT  network  while  it  is 
executing  and  inject  extra  detail  into  the  program.  The  User  Subroutine 
(US)  is  virtually  interchangable  with  the  UF  function.  The  User  Input 
(UI)  subroutine  allows  the  user  to  modify  a  Q-GERT  network  prior  to 
execution.  The  User  Output  (UO)  subroutine  allows  the  user  to  output 
user  generated  statistics  at  the  completion  of  the  Q-GERT  run. 

In  this  program,  the  UF  function  is  used  to  do  the  following: 

1)  keep  track  of  what  has  been  happening  in  the  simulation,  that 
is,  the  activities  of  an  IDS  and  the  number  of  new  colonies, 
new  SSPSs,  and  asteroids; 

2)  provide  travel  times  for  the  lOSs;  and 

3)  provide  the  probabilities  utilized  by  all  nodes  that  branch  on 
probabi 1 i ties. 

The  US  subroutine  is  used  to  determine  if  a  new  IDS  is  needed  in  the 
simulation  and,  if  so,  inject  it  into  the  network.  The  UI  subroutine 
initializes  all  user  generated  constants  and  probabilities  used  in  the 
program  at  the  start  of  the  first  run  of  the  Q-GERT  network  and  zeroes 
out  the  shuttle  related  arrays  and  the  production  variables,  such  as  the 
number  of  new  colonies,  new  SSPSs,  etc.,  prior  to  any  Q-GERT  run.  ln» 
UO  subroutine  is  used  to  output  the  shuttle  related  arrays  and  the 
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production  variables. 


Ualidatinn  LRb£  28:  18=331 

Because  o-f  the  complexity  o-f  the  model /computer  program  discussed 
in  the  previous  sections,  an  approach  to  validation  was  needed.  A 
*towards-va1 idat ion*  approach  developed  by  Craig  S.  Ghelber  and  Charles 
A.  Haley  was  selected.  The  concept  is  de-fined  as  the  'documented 
evidence  that  a  computerized  model  can  provide  users  veri'fiable  insight, 
within  the  model  ^s  domain  oi  application,  -for  the  purpose  oi  -formulating 
analytical  or  decision-making  in-ferences  (Re-f  28:  13-14).*  Models  with 
the  -following  characteristics  lend  themselves  to  the  use  oi  the 
towards-val idat ion  approach: 

1)  the  requirement  to  compare  alternative  in-formation  for  policy 
decisions, 

2)  limited  or  nonexistent  supporting  data  from  real  world  system, 

3)  physical  processes  that  require  numerous  variables  to 

adequately  describe  their  complexity,  and 

4)  separable  subsystems  whereby  variables  can  be  partitioned  into 
convenient  groups. 

A  four-phase  approach  achieves  the  towards-val i dat i on  process: 

1)  conceptual, 

2)  verification, 

3)  credi bi I i ty,  and 

4)  confidence. 

CoDceptuaJ .  There  are  four  parts  to  the  conceptual  phase: 

1)  a  formal  written  statement  of  the  intended  application  of  the 


2)  sptci'f ication  of  th«  degree  of  accuracy  desir-*.^ 

3)  description  of  assumptions  and  limitations,  and 

4>  structural  model  or  framework  for  design  development. 


The  first  two  parts  of  the  conceptual  phase  were  provided  in  the 
'Problem,*  'Objectives,*  and  'Scope*  subsections  of  Chapter  I.  The 
assumptions  and  limitations  were  addressed  in  the  Chapter  I  and  further 
expanded  in  Chapter  II  and  in  the  previous  section  of  this  chapter.  A 
structural  model  is  provided  in  the  system  description  in  Chapter  II. 

Verification.  The  verification  phase  is  made  up  of  four  parts: 

1)  structured  walk-through, 

2)  verification  of  technical  physical  processes, 

3)  simulation  of  predictable  events,  and 

4)  testing  of  stochastic  events. 

The  structured  walk-through  and  the  Simulation  of  predictable 
events  were  accomplished  at  the  same  time  by  running  each  subsystem  of 
the  sens  independently  with  a  predetermined  flow  of  events  to  check  out 
the  network.  The  verification  of  technical  physical  processes  is 
achieved  because  of  the  structured  format  of  the  Q-GERT  language  and 
through  the  structured  walk-through  which  illustrated  that  the  network 
was  operating  as  modeled.  Because  the  statistical  distributions  used  in 
the  model  are  intrinsic  functions  of  the  Q-GERT  language,  the  testing  of 
stochastic  events  was  determined  to  be  unnecessary  since  these 
distributions  have  been  previously  verified  and  validated. 

r.r»riihi  1  i  The  Credibility  phase,  which  deals  with  the  intuitive 


and  statistical  appeal  O'f  the  model,  is  made  up  oi  two  elements: 

1)  'face  val  idation, 

2)  sensitivity  analysis. 

Face  validation  is  usually  accomplished  by  having  an  expert  in  the 
field  give  his  opinion  on  how  well  the  model  fits  the  real  world.  Face 
validation  was  accomplished  in  the  rto'^initinn  phase.  This  is 

because  most  of  the  data  used  in  developing  the  model  was  derived  from 
books  written  by  experts  in  the  field. 

A  limited  sensitivity  analysis  was  accomplished.  Based  on  a  small 
number  of  sample  runs,  the  size  of  the  lOS's  cargo  and  the  HLV,  LLV,  and 
mass  driver  launch  rates  greatly  affect  the  outcome  of  the  model.  For 
example  if  the  mass  driver  launch  rate  is  large  and  the  lOS^s  cargo  size 
is  small,  the  system  will  'blow  up*  in  that  the  capacity  of  the  Q-6ERT 
system  will  be  exceeded.  This  happens  because  the  mass  driver  will 
produce  more  cargos  waiting  at  L2  faster  than  the  lOSs  can  deplete  the 
number  of  cargos.  Another  sensitive  area  in  the  model  is  the 
probabilities  used  for  branching.  Because  of  the  many  interactions 
between  the  subsystem  of  the  SCMS,  it  is  possible  to  change  a 
probability  in  one  subsystem  and  affect  what  happens  in  another 
subsystem.  Because  the  model  is  sensitive  to  launch  rates, 
probabilities,  and  maybe  other  parameters,  the  values  given  to  these 
parameters  must  be  analyzed  very  closely.  If  one  of  the  parameters  is 
changed,  it  may  be  necessary  to  modify  other  parameters  to  compensate 
for  the  change. 

rnn< irtanra ,  The  final  phase  in  the  towards-val i dat i on  approach  is 
the  confidence  phase.  It  consists  of  the  following  steps: 


1)  statistical  comparison  o-f  modi-fied  simulation  runs  with  related 
data, 

2)  examination  o-f  the  cost-ben  i -f  i  t  o-f  increasing  in-formation,  and 

3)  -full  documatation  o-f  the  towards-ual  i dat i on  process. 

Because  there  are  presently  no  known  space  colonization  systems  in 
ex i stance,  real  data  cannot  be  obtained  to  do  step  1.  Even  though  the 
model  is  expressed  in  terms  o-f  a  space  colonization  and  manu-facturing 
system,  this  system  can  be  compared  with  any  six  *node*  transportation 
system  where  two  types  o-f  raw  materials  come  -from  two  di-f-ferent  source 

locations.  One  type  o-f  raw  materials  is  sent  to  a  preprocessing  or 

packaging  -facility  (node  i)  prior  to  being  sent  to  the  main  processing 
-facility  (node  2).  The  second  type  o-f  raw  materials  is  sent  directly  to 
the  processing  -facility  (node  2)  where  it  is  preprocessed  prior  to  being 
processed.  At  node  2,  a  product  is  produced  -for  use  at  that  location 
and  some  o-f  the  processed  raw  materials  are  prepared  to  be  sent  to  a 
dif-ferent  location  (node  3).  At  node  3,  the  raw  materials  are 

trans-formed  into  a  product  which  is  used  at  that  site  and  into  a 

components  for  a  large  structure  which  are  sent  to  another  location 
(node  4).  At  node  4,  the  parts  are  assembled  into  a  product  which  is 
used  at  that  location.  Two  other  source  locations  supply  finished  goods 
to  two  of  the  nodes  (nodes  5  and  6)  of  the  transportation  system  which 
redistributes  the  goods  to  all  other  locations  in  the  transportation 
system.  All  nodes  have  the  capability  to  unload,  service,  and  load  the 
vehicle  used  in  the  transportation  model. 

This  system  is  described  because  if  an  example  of  it  is  found  in 
the  real  world  then  the  model  developed  in  this  study  can  be  tested  as 
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in  step  1  of  the  confidence  phsse.  A  possible  example  could  be  found  in 
this  nation's  trucking  industry  which  displays  the  need  to  unload, 
service,  and  load  trucks  and  moves  all  types  of  cargo  between  different 
locat ions. 


Because  the  probability  that  a  space  colonization  and  manufacturing 
system  will  be  built  in  the  next  few  decades  is  small,  the  cost-ben  if  it 
of  increasing  information  is  a  purely  academic  question.  The  cost  of 
information  can  only  be  justified  in  that  the  information  could  increase 
the  understanding  of  space  colonization  systems.  If  in  the  future  a 
faction  of  society  decided  that  this  information  is  useful,  then  more 
information  could  be  collected  to  validate  the  model.  The  last  step  of 
the  confidence  phase  is  this  document. 

Conclusion.  Although  the  model  is  fairly  easy  to  verify,  it  is 
very  difficult  to  validate  because  all  of  the  assumptions  made 
throughout  the  study.  The  use  of  the  toward-val idation  approach 
validates  the  model  as  well  as  can  be  accomplished  given  of  the  lack  of 
definitive  data. 


.Summary 


The  simulation  modeling  process  was  described  in  this  chapter. 


Four  of  the  steps  < Model 


I,  Dal  a 


i,  Model 


I,  and 


were  discussed  as  they  relate  to  the  model 


developed  in  this  study.  An  experimental  design  will  be  described  in 
the  next  chapter. 


67 


IV.  Mnrifl 


Inirndur t inn 

As  stated  in  the  ■Introduction*  ot  chapter  III,  there  are  two  ways 
to  utilize  a  simulation  model:  to  understand  the  behavior  O'f  the  system 
modeled  and  to  evaluate  various  strategies  tor  system  operation.  There 
are  many  experimental  methods  to  use  with  this  model  which  correspond  to 
the  above  ways  to  utilize  the  model,  such  as  running  the  model  with 
constant  parameters  and  running  the  model  several  times  while  changing 
di-fterent  parameters  to  see  how  they  atfect  the  model. 

Both  oi  these  experimental  strategies  will  be  examined  in  this 
chapter  mainly  with  respect  to  the  'following  items  (Ref  27:  ''''-33): 

1)  fitrAtegif  Planning  which  concerns  how  to  design  an  experiment 
that  will  yeild  the  desired  information; 

2)  TArt iral  Planning  which  is  concerned  with  trying  to  resolve  the 
following  problems: 

a)  initial  conditions  as  they  affect  equilibrium,  and 

b)  reducing  the  variance  of  the  answer  while  minimizing 
the  number  of  required  samples; 

3)  Fypor imantAt inn  which  is  executing  the  experimental  strategy; 
and 

4)  Intacpcetaiion  of  the  results  of  the  experiment. 


Consiani 


stPAtagic  Planning.  The  Siraiagic  Planning  was  accomplished  as  the 
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nodel  was  developed.  Knowing  the  tormat  and  content  o-f  the  Q-GERT 
Analysis  Program,  the  user  statistics  were  developed  to  provide 
additional  in-forreation.  This  additional  information  was  assumed  to 
provide  the  eventual  user  with  all  the  data  that  would  be  needed  to 
understand  how  the  model  operated. 

lac ileal  Elanaing.  The  Tactical  ElaDDing  was  accomplished  mainly 
by  stating  the  initial  conditions  for  the  model  (see  Chapter  III,  'Model 
Translation*).  A  complete  sensitivity  analysis  on  the  initial 
conditions  was  not  done,  so  it  should  be  accomplished  in  the  future  for 
the  parameters  choosen. 

Exppr imemtatinn.  The  F<par im»nfaf i nn  consisted  of  running  the 
program  many  times  while  changing  the  values  of  the  parameters  and 
variables  to  get  an  optimum  solution.  An  optimum  solution  was  defined 
in  the  'Criterion  Function*  subsection  of  the  previous  chapter. 

This  experimental  strategy  differs  from  the  next  one  to  be 
discussed  in  that,  after  an  optimal  solution  is  found,  the  parameters 
and  variables  are  left  alone.  How  the  soluion  differs  from  one  run  to 
the  next  is  not  a  concern  of  this  strategy  except  where  it  tells  how  to 
change  a  parameter  to  get  the  solution  toward  the  optimum. 

laierpre talioD.  The  computer  model  in  Appendix  A  was  run  for  a 
simulation  time  of  50  years.  The  solution  analyzed  in  this  section  was 
not  optimum  since  there  were  cargos  staying  at  L2  longer  than  was 
considered  appropriate.  It  could  still  be  considered  optimum  in  the 
sense  that  a  IDS  was  always  available  at  L5  for  hauling  a  cargo  of  raw 
materials  to  L4.  The  solution  could  be  improved  by  careful  modification 


o-f  the  appropriate  probabilities.  This  basic  trial  and  error  approach 
to  optimization  is  necessary  because  of  the  amour t  oi  interaction 
between  subsystems  in  the  SCMS. 

The  program  outputs  information  about  the  activities  of  each  lOS, 
such  as: 

1)  the  number  of  trips  between  and  to  any  subsystem, 

2)  the  type  of  cargo  hauled, 

3)  the  age  of  an  IDS, 

4)  the  number  of  major  repairs  done  on  an  IDS  at  L5,  and 

5)  the  fact  that  a  IDS  is  retired  and  why. 

The  program  also  outputs  summary  data  which  is  displayed  in  Table  III. 

Is  it  cost  effective  to  separate  the  tasks  of  processing  lunar  and 
asteroidal  ore  from  the  production  of  SSPS?  Based  on  the  number  of 
space  colonies  built  it  is  possible  to  do  a  very  simple  cost 
effectiveness  analysis.  This  analysis  does  not  take  into  account  many 
of  the  costs  associated  with  a  space  colonization  and  manuf actur i ng 
system  because  there  are  presently  no  cost  estimates  on  them.  Table  Ilj 
presents  the  data  and  as  can  be  seen  the  SCMS  is  cost  effective  using 
only  these  two  sources  of  cost.  To  be  able  to  answer  the  question  about 
cost  effectiveness  accurately,  cost  information  on  the  development 
costs,  production  costs,  and  operating  costs  of  lOSs,  HLIjs,  LLUs,  and 
IPSVs  must  be  determined. 

This  experimental  strategy  depends  on  what  operational  strategies 


TABLE  HI 


fiiinuTtary  Oaia  foc.  Rimiil  at  I  nn  Model 

During  the  50.00  years  investigated  in  this  study  the  -following 
happened: 

Starting  with  one  colony  at  L4  and  one  at  L5  and  no  SSPS's  at  GEO, 
the  -following  were  built: 

4  colonies  at  L4 
4  colonies  at  L5 
49  SSPSs  at  GEO 

Total  number  o-f  shuttles  (1500  metric  tons)  is  428 

Total  number  o-f  trips  that  were  made  by  all  shuttles  is  1«4693 

Total  number  o-f  major  repairs  that  were  done  on  all  shuttles  is  229 

Total  number  of  shuttles  that  were  damaged  beyond  repair  is  20 

Total  number  of  shuttles  that  were  retired  because  of  old  age  is  257 

Average  number  of  trips  per  year  is  333.86000 

The  total  number  of  asteroids  retrieved  for  minning  is  11 

The  total  mass  of  asteroidal  ore  mined  at  L5  is  5775000  metric  tons 

The  total  number  of  lunar  ore  trips  to  L5  is  3273 

The  total  mass  of  lunar  ore  sent  to  L5  is  4909500  metric  tons 


TABLE  IV 


£asl  F-<-f«>rtiuanft<tg.  Anal  v«iis 


Cost  o-f  one  colony 

♦112.7 

bill  ion 

Cost  o-f  4  space  colonies  at  L4 

♦450.8 

billion 

Cost  o-f  4  space  colonies  at  L5 

♦450.8 

billion 

Total  cost  o-f  space  colonies 

♦901 .6 

bill  ion 

Cost  o-f  a  SSPS 

♦7.6 

million 

Cost  of  49  SSPSs 

♦3.7 

bill  ion 

Developmental  cost  of  SSPS  program 

♦20.0 

billion 

Operating  costs  for  an  SSPS  for  one  year 

o 

o 

million 

Total  operating  costs  for  49  SSPSs 
(over  a  30  year  life-cycle  for  each  SSPS) 

♦205.8 

billion 

Total  cost  of  SSPSs 

♦229.5 

billion 

Total  cost  of  space  colonies  and  SSPSs 

♦1131.1 

bill  ion 

Expected  life-cycle  revenues  for  each  SSPS 
(over  a  30  year  period) 

♦35.0 

bill  ion 

Total  revenues  for  49  SSPSs 

(over  a  30  year  period  for  each  SSPS) 

♦1715.0 

bill  ion 

Total  profit 

♦583.9 

billion 

(over  a  80  year  period) 


o 


the  analyst  will  examine.  A  possible  experimental  strategy  will  be 
described  but  this  is  only  one  o-f  many  possible  experimental  designs. 
It  more  detailed  in-formation  on  experimental  design  is  needed,  the 
reader  should  review  any  good  book  on  the  subject  such  as  Prnhabi 1 i ty 
and  la  Eagiaeecing  and  Management  Sc ience  by  William  U . 
Hines  and  Douglas  C.  Montgomery  (Ret  29). 


Strategic  Blaxmxng.  The 


PI  Ann  i  nQ  'for  this  experimental 


strategy  is  the  same  as  -for  the  previous  experimental  strategy. 
Hope-fully,  all  required  in-formation  needed  by  the  analyst  is  included  in 
either  the  normal  output  or  the  Q-GERT  Analysis  Program  or  the  user 
generated  statistics  provided  by  the  model.  1-f  these  are  not 
su-f-f  i  c  ient ,  the  analyst  will  have  to  modi-fy  the  program  to  obtain  the 
required  in-formation. 


TArt if a1  BlamuLog.  The  Iaci.ica.1  Planning  consists  o-f  a  three-step 
process  (Re-f  27:  151): 

1)  determine  the  experimental  design  criteria, 

2)  synthesize  the  experimental  model,  and 

3)  compare  model  to  standard  experimental  designs  and  choose  the 
optimal  design. 

This  phase  can  also  be  de-fined  as  (Ref  27:  150-161): 

1)  the  design  of  the  structural  model  which  consists  of: 

a)  the  number  of  factors,  and 

b)  the  number  of  levels  of  each  factor; 

2)  the  design  of  the  functional  model  which  consists  of: 

a)  the  number  of  data  points  used  (the  maximum  number  of 
data  points  is  the  product  of  the  factors  and  levels). 
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and 


b)  the  number  of  replications; 

3)  the  design  o-f  the  experimental  model  consists  of  the 

description  of  the  standard  experimental  design  or  of  the 

experimental  design  designed  by  the  analyst. 


L.  The 


will  be  left  up  to  the  user. 


lioa.  The 


will  be  left  up  to  the  user. 


Possible 


Daslga.  A  possible  design  is  to  examine  how 


changing  two  different  parameters  or  variables  in  the  model  affect  the 
output  <the  number  of  lOSs)  of  the  model.  For  this  experimental  design 
it  is  assumed  that: 

1)  each  parameter  has  only  two  allowable  values, 

2)  all  possible  combinations  of  factors  and  levels  will  be  used, 


3)  at  least  the  minimum  number  of  replications  will  be  used  which 
will  allow  the  interactions  to  be  examined  (this  is  two 
repi ications) . 

Therefore,  a  description  of  an  experimental  design  would  look  like  this: 

1)  the  structural  model: 

a)  the  number  of  factors  -  2,  and 

b)  the  number  of  levels  of  each  factor  =  2; 

2)  the  functional  model: 

a)  the  number  of  data  points  =  4,  and 

b)  the  number  of  replications  »  3; 

3)  the  experimental  model:  A  Two-Way  Anova  utiizing  the  Duncan 
Multiple  Range  Test  for  interactions. 


f 
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The  exact  structure  o-f  the  Two-Uay  Anova  and  the  Duncan  Multiple 
Range  Test  is  given  in  Ref  29.  The  procedure  to  run  the  experiment  and 
the  assumptions  which  pertain  are  also  described  in  Ref  29. 

Siiiwnarv 

Described  in  this  chapter  are  two  possible  experimental  designs  for 
analyzing  the  output  from  the  computer  model.  Each  of  these  designs 
serve  to  demonstrate  the  two  ways  to  use  a  simulation  model.  Presented 
in  the  next  chapter  are  a  summary  of  the  findings  of  the  study  and  some 
recommendations  for  further  research. 


V.  Sumoucy,  ParmwwnrfatinnR,  and  nODClUSionS 


Described  in  this  study  is  the  development  ot  a  computer  model  o-f  a 
transportation  system  -for  the  Space  Colonization  and  Manufacturing 
System  (SCHS).  Presented  in  Chapter  1  is  the  description  of  the  history 
and  current  status  of  other  proposed  transportation  systems  for  space 
colonization;  the  statement  of  the  problem,  research  questions, 
objectives,  and  scope  addressed  in  this  study,  and  the  description  of  an 
approach  or  methodology  for  the  development  of  the  computer  model. 

The  system  description  was  given  in  Chapter  II  while  the 
description  of  the  computer  model  was  given  in  Chapter  III  with  an 
attempt  at  verifying/validating  the  model  using  the  towards-val idation 
approach.  Described  in  Chapter  IV  are  two  possible  experimental  designs 
with  one  design  being  illustrated  by  an  example.  Presented  in  this 
chapter  is  a  summary  of  the  finding  derived  from  examination  of  the 
simulation  model  developed  in  this  study  and  the  results  of  the  model. 
Also  presented  are  some  recommendations  for  future  research. 


■Simimary 

The  research  questions  and  objectives  presented  in  Chapter  I  have 
all  been  addressed  in  this  study  and  have  been  answered  to  some  extent 
in  the  preceeding  chapters.  How  many  lOSs  are  needed?  Is  the  SCMS  cost 
effective?  Uhile  answers  to  these  questions  are  nice  to  know,  the 
answers  derived  from  this  model  will  only  be  gross  estimates  because  of 
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the  lack  o-f  detailed  information  on  space  colonization  and  manufacturing 
s/stems.  The  main  purpose  of  this  study  was  not  to  answer  these  types 
of  questions  now  but  to  develop  a  methodology  which  could  be  used  in  the 
future  to  answer  these  questions  when  more  detailed  information  becomes 
available.  The  use  of  the  Q-6ERT  network  approach  can  show  the  user 
interactions  between  subsystems  that  the  user  did  not  know  existed. 
Even  if  these  interactions  are  not  discovered,  the  process  of  converting 
the  systems  description  for  the  user's  space  colonization  and 
manufacturing  system  into  a  Q-6ERT  network  forces  the  user  to  think 
about  the  system  and,  therefore,  the  user  might  discover  some  aspects  of 
the  system  that  were  not  included  in  the  initial  systems  description. 

The  use  of  branching  on  probabilities  caused  many  problems  in  the 
development  of  this  computer  program.  Because  of  the  lack  of  knowledge 
on  these  probabilities,  they  had  to  be  estimated  and  then  modified  to 
produce  the  solution  to  the  model  described  in  Chapter  IV*.  If,  instead 
of  using  probabilities  to  do  the  branching,  a  user  function  was 
developed  to  determine  the  branching  strategy,  then  it  would  be  possible 
to  include  more  decision  making  processes  in  the  model.  An  example  of 
where  this  would  be  useful  is  when  a  lOS  must  determine  what  type  of 
cargo  to  be  loaded.  By  using  probabilities,  there  is  a  possibility  that 
an  IDS  will  be  sent  to  a  loading  dock  i^oich  has  no  cargos  and  possibly 
excess  lOSs  while  another  loading  dock  has  excess  cargos.  By  using 
attributes  and  a  user  function  to  determine  the  values  of  the  attribute, 
the  IDS  can  look  ahead  to  determine  which  loading  dock  has  cargo  and 
branch  accordingly. 

Uhile  the  number  of  unloading  docks,  service  facilities,  and 
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loading  docks  was  determined  to  coincide  with  the  types  o-f  cargo  or 
service,  it  is  possible  to  merge  some  o-f  these  -facilities  to  make  a  more 
compact  system.  Uhile  the  number  of  servers  at  each  facility  was 
assumed  to  be  one,  it  is  possible  to  have  more  than  one  server  and  thus 
increase  the  production  rate  while  decreasing  the  total  time  that  the 
fac i 1 i ty  is  busy. 


Based  on  the  information  presented  in  this  section  and  previous 
chapters,  there  are  many  recommendations  for  future  research  that  could 
be  presented.  The  next  section  gives  only  a  few  of  these 
recommendat i ons. 

Bgrnmmgnriatinng.  far  Piitiira  Pimnarcfa 

During  the  development  of  this  study,  many  problems  were  uncovered 
concerning  the  quality  and  quantity  of  present  information  on  the 
parameters  associated  with  transportation  models  for  space  colonization 
and  manufacturing  systems.  The  main  rroblem  was  that  there  are  very 
few,  if  any,  good  estimates  published  about  the  details  of  building 
space  colonies,  building  SSPSs,  or  processing  lunar  or  asteroidal  ore. 
Basically  only  very  gross  estimates  have  been  published.  Because  of  the 
lack  of  better  information,  the  gross  estimates  about  process  times  and 
masses  were  used  in  this  study.  Therefore,  the  first  recommendation  is 
that  some  research  should  be  done  to  determine  the  value  or  range  of 
values  that  these  parameters  can  assume.  This  cold  be  done  by  using  the 
Delphi  technique  <Ref  30:  170-176)  and  experts  in  the  field  such  as 
Gerard  K.  O'Neill  and  Thomas  A.  Heppenh i emer .  (An  example  of  a  Delphi 
for  a  space  problem  is  given  in  Ref  8.)  Some  of  the  parameters  needing 
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better,  or  even  new,  estimates  are  the  -following: 

1)  the  si2e  o-f  a  cargo  ior  an  lOS; 

2)  the  txpe  o-f  propulsion  sy'stem  and,  there-fore,  the  -flight  times 
o-f  an  IDS; 

3)  the  construction  time  -for  space  colonies,  complete  SSPSs,  and 
SSPS  parts; 

4)  the  processing  and  mining  times  -for  asteroidal  ore; 

5)  the  processing  time  -for  lunar  ore; 

6)  lOS  cargo  preparation  time; 

7)  unloading,  servicing,  and  loading  times  -for  an  IDS; 

8)  launch  rates/arrival  times  -for  the  HLV,  the  LLV,  and  the  mass 
driver; 

9)  the  masses  and  elemental  composition  o-f  space  colonies  and 
SSPSs; 

10)  the  elemental  composition  of  lunar  and  asteroidal  ore; 

11)  the  mass  of  an  active  or  passive  radiation  shield;  and 

12)  the  cost  associated  with  the  designing,  building,  and  operating 
space  colonies,  SSPSs,  lOSs,  HLV*s,  LLMs,  IPSt)s,  and  mass 
dr  i  vers. 

A  second  recommendation  is  to  canvas  the  space  colonization 
theoreticians  to  determine  what  components  are  needed  to  be  added  to  or 
to  be  deleted  from  the  transportation  model  discussed  in  this  study. 
This  could  be  accomplished  using  the  Delphi  technique  discussed  above. 

A  thiro  recommendation  is  to  modify  the  computer  model  to  branch  on 
attributes  derived  from  a  user  function  instead  of  on  probabilities. 
This  could  be  accomplished  by  having  a  user  function  that  looks  at  cargo 


storagt  queues  to  see  which  ones  have  cargo  and  then  having  the  lOS 
branch  accordingly.  Some  branching  on  probabilities  will  still  be 
needed  to  determine  the  destination  ot  a  loaded  IDS. 

At  the  present  time  i-f  the  user  needs  to  modify  the  GhGERT  network 
or  the  user  generated  variables,  the  user  must  change  the  Q*GERT  or 
FORTRAN  code  which  is  given  in  Appendix  A.  Therefore,  the  fourth 
recommendation  is  to  modify  the  User  Input  subroutine  to  allow  the  user 
the  option  of  modifying  the  Q-GERT  network  using  data  input  cards.  The 
program  been  written  to  allow  this  modification: 

1)  Each  parameter  set  is  used  only  with  one  activity. 

2)  The  probability  array  elements  are  completely  described  to 
allow  the  user  to  know  what  is  being  modified. 

3)  All  other  user  defined  variables  are  adequately  described  so 
the  user  knows  thier  exact  function. 

4)  Q-GERT  has  functions  and  subroutines  which  allow  the 
modification  of  parameter  sets,  nodal  descriptions,  and 
activity  descriptions  (see  Ref  19). 

The  final  recommendation  is  after  doing  all/some/none  of  the  other 
recommendations,  the  researcher  should  do  a  very  thorough  sensitivity 
analysis  to  determine  how  the  following  affect  the  model: 

1)  changing  the  probabilities  for  any  particular  node  which 
branches  on  probabilities, 

2)  changing  the  times  in  the  parameter  sets  such  as  travel  times, 

3)  changing  the  amount  of  mass  needed  to  build  a  space  colony  or 
an  SSPS  (the  building  times  might  also  have  to  be  changed), 

4)  changing  the  size/mass  of  the  cargo  for  an  IDS,  and 


5)  changing  the  launch/arrival  rates  of  the  HL<^s,  the  LLUs,  the 
ISPVs,  and  the  mass  driver  (the  mass  of  the  asteroid  might  also 
have  to  be  changed). 

As  was  stated  before  these  are  onl/  some  of  the  recommendations  for 
further  research.  A  bright  researcher  should  be  able  to  think  up  many 
more. 


Pnnrlimi  nn 

In  conclusion,  the  main  objective  of  this  research  was 
accomplished.  A  methodolgy  for  analyzing  a  large  transportation  model 
for  a  space  colonization  and  manufacturing  system  was  developed.  By 
using  the  Q-GERT  network  approach  allows  the  user  to  see  how  a  real 
system  might  possibly  operate.  It  allows  the  user  to  see  what  further 
information  is  needed  to  be  collected  to  give  better  estimates  on  the 
system.  The  recommendations  for  future  research  have  emphasised  this 
latter  aspect.  Finally,  the  methodology  developed  in  this  study  could 
be  used  with  almost  any  large  transportation  systems  either  in  space,  on 
the  ground,  or  a  combination  of  both. 
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APPENDIX  A 


SCtlS  nnmpiitfr  Pmyam  l_La.tlnQ 


The  -following  program  models  the  transportation  system  -for  the 
Space  Coloniaation  and  Maunu-factur ing  System  (SCMS).  The  program  is 
written  in  Q-6ert,  a  simulation  language  whose  source  code  is  written  in 
ANSI  standard  FORTRAN  66.  The  user  function  and  subroutines  (UF,  US, 
UI ,  and  UO)  are  written  in  the  CDC  Cyber  implement  ion  of  FORTRAN  IV  and 
uses  several  seven  character  variable  names  which  might  have  to  be 
modified  to  six  or  less  characters  to  work  in  other  implementations  of 
FORTRAN  IV.  With  these  name  changes,  the  program  should  work  under  both 
f^SI  standard  FORTRfVf  66  and  fVfSI  standard  FORTRtW  77.  Depending  on  the 
computer  system  on  which  the  user  will  be  running  this  program,  the 
control  cards  might  have  to  be  modified  to  correspond  to  the  new 
operating  system's  Job  control  language. 


LAU,CH377000 ,T600 ,10600 .  T820 758 ,hMGNER, 4293. 

ATTACH , PROCF 1 L , Q6ERTPR0C , 1 D=T800679 . 

FTN. 

BEGIN ,  QBERT ,  PROCF  I L ,  VER=4  ,M0DE=X  ,^t»L60 ,  PL=9999 ,  PMD=(]N . 
•EOR 

FUNCTION  UFdFN) 


C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C  IFN 


THE  Q-GERT  USER  FUNCTION  <UF)  IS  TO  PROVIDE  THE  USER 
THE  CAPABILITY  TO  INJECT  EXTRA  DETAIL  INTO  THE  Q-GERT 
PROGRAM.  THE  UF  FUNCTION  IN  THIS  PR0GRM1  IS  USED 
MAINLY  TO  KEEP  TIMCK  OF  UI«^T  I«^S  BEBI  IMPPENING  IN 
THE  SIMULATION  <I.E.,  THE  ACTIVITIES  OF  fili  INTER¬ 
ORBIT  SHUTTLE  ^D  THE  NUMBER  OF  NEU  COLONIES,  NEU 
SSPS'S,  ^D  ASTEROIDS),  PROVIDE  TIW^EL  TIMES  FOR  THE 
INTER-ORBIT  SHUTTLES,  fUD  THE  PROBABILITIES  UTILIZED 
BY  ALL  NODES  TI«^T  BR^CH  ON  PROBABILITIES.  UF  IS 
ALSO  THE  VARIABLE  WHICH  STORES  THE  ^LUE/RESULT  OF 
THE  UF  FUNCTION. 

THE  USER  FUNCTION  NUMBER  <IFN)  TELLS  WHAT  PART  OF  THE 
FUNCTION  Trt^T  WILL  BE  PROCESSED. 


C 

C 

C  NDE 


COrtlON  /OJAR/  NDE,NFTBU(500>,NREL(500),NRELP(500>,NREL2(500), 
I  NRUN,NRUNS,NrC(500)  ,PAR<V1<I00,4)  ,TBEG,TNOU 


NUMBER  OF  ATTRIBUTES  ASSOCIATED  WITH  A  TRANSACTION 


C  NFTBU(500) 
C 


ARRAY  WHICH  CONTAINS  THE  NODE  NUMBER  AT  WHICH 
STATISTICS  COLLECTION,  VALUE  ASSIGTtiENTS, 
BRM4CHING  OCCUR  WHEN  A  NODE  IS  RELEASED 


C  NREL<500) 
C 


ARRAY  WHICH  CONTAINS  CURRENT  NUMBER  OF  TIWISACTIONS 
IN  A  Q-NODE,  NUMERIC  QUEUE  SELECTION  CODE  FOR  S-NODE, 
OR  THE  NUMBER  OF  REhMINlNG  INCOMING  TRANSACTIONS 
REQUIRED  TO  RELEASE  A  NODE 


C  NRELP<500) 
C 


ARRAY  WHICH  CONTAINS  INITIAL  NUMBER  OF  TRANSACTIONS 
IN  A  Q-NODE,  NUMERIC  QUEUE  SELECTION  CODE  FOR  S-NOOE, 
OR  THE  NUMBER  OF  TRANSACTIONS  REQUIRED  FOR  FIRST 
RELEASE  OF  A  NODE 


C  NREL2(500) 

C 

C 

C 

C 

C  NRUN 
C 

C  NRUNS 


ARRAY  WHICH  CONTAINS  hWXIMUM  NUMBER  OF  TRANSACTIONS 
IN  A  Q-NODE,  NUMERIC  SERVER  SELECTION  CODE  FOR 
S-NOOE,  OR  THE  NUMBER  OF  TRANSACTIONS  REQUIRED  FOR 
SUBSEQUENT  RELEASES  OF  A  NODE 

CURRENT  RUN  NUMBER 

TOTAL  NUMBER  OF  RUNS  REQUESTED 
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ooooooooooooooooooooooooooooooooo  o  o  oooooooooooo 


NTC(500) 

PAIV#I(100,4) 

TBE6 

TNa<l 


THE  NUMBER  OF  TR^SACTIQNS  THAT  (WE  PASSED  THROUGH  A 
NODE  SINCE  TBEG 

ARRAY  UHICH  CONTAINS  THE  PARAMETER  SETS  USED  IN  THE 
SIMULATION 

TIME  AT  UHICH  DATA  COLLECTION  IS  TO  BEGIN 
CURRENT  SIMULATION  TIME 


REAL  AGE,ATT<10),<¥^ERAGE,LIFE,PROB(19,4),SHIP(1500,2>,UEIGHT, 

1  YEAR, YEARS 

INTEGER  ACTIVE , ASTER , L4COLON, L5C0LCN ,MAXSHI P ,N0DE , QNODE , SHI PNO , 

1  SHUTTLEdSOO  ,3S)  ,SIZE,SSPS,T0TAL(14) 

COMiON  /INFO/  ACTIVE, AGE, ASTER, ATT, AVERAGE, LIFE, L4COLON,L5COLON, 

1  mXSHIP,NOOE, PROB, QNODE, SHIP, SHIPNO, SHUTTLE, SIZE, 

2  SSPS, TOTAL .WEIGHT, YEAR .YEARS 


ACTIVE 

THE  ELEMENT  IN  THE  SHUTTLE  ARRAY  THAT  INDICATES 
THE  SHlfTTLE  IS  OR  («^S  BEEN  ACTIVE  DURING  THE 
SIMULATION 

IF 

AGE 

AGE/LIFETIME  IN  YEARS  OF  A  SHUTTLE 

ASTER 

THE  NUMBER  OF  ASTEROIDS  TIWT  ARRIVE  AT  L5 

ATTdO) 

ARRAY  WHICH  IS  USED  TO  TEMPORARILY  STORE  THE 
ATTRIBin-ES  ASSOCIATED  WITH  A  TRANSACTION 

AVERAGE 

NUMBER  OF  TRIPS  PER  YEAR  FOR  A  SHUTTLE  WHILE 
STILL  ACTIVE  OR  THE  NUMBER  OF  TRIPS  PER  YEAR 
SHUTTLES  FOR  THE  ENTIRE  SIMULATION  TIME 

IT  IS 
FOR  ALL 

LIFE  THE  NORmL  LIFETIME  OF  A  SHUTTLE 

L4COLON  THE  NUMBER  OF  NEU  COLCNIES  BUILT  AT  LAGfV^GIM^  POI14T 

FOUR  <L4) 

L5COLON  THE  NUMBER  OF  NEW  COLCNIES  BUILT  AT  LAGR^GIAN  POINT 

FIVE  <L5) 


rWCSHIP  THE  MAXIMUM  NUMBER  OF  SHUTTLES  ASSUMED  FOR  THE 

SIMULATION 


NODE  THE  Q-GERT  NODE  WHERE  NEU  SHUTTLES  ARE  BROUGHT  INTO 

THE  SYSTEM 


PR0B<19,4)  ARRAY  WHICH  CONTAINS  THE  PROBABILITIES  USED  IN 


ooooooooooooooo  oooooooooooooooooooooooooooooooooooo 


B»«4CHING  IN  THE  Q-6ERT  MODEL 


GNODE  THE  Q-NODE  WHERE  SHIPS  WAIT  FOR  A  RAW  hMTERlALS  CARGO 

TO  GO  TO  L4 

SHI P< 1500,2)  ARRAY  WHICH  CONTAINS  THE  TIMES  TI*^T  A  SHUTTLE  IS 
BROUGHT  INTO  THE  SYSTEM  M4D  IS  RETIRED  FROM  THE 
SYSTEM 

SHIPNO  INDEX  USED  TO  KEEP  TRACK  OF  THE  NEXT  SHUTTLE  NUIBER 

TO  BE  USED  BY  THE  SYSTEM 

SHUrrLE(  1500,35)  ARRAY  WHICH  CONTAINS  DATA  ABOUT  THE  ACTIVITIES  OF  A 


SHUTTLE 

SIZE 

THE  CARGO  SIZE  (IN  METRIC  TONS)  OF  A  INTER-ORBIT 
SHUTTLE 

SSPS 

NUMBER  OF  SATELLITE  SOLAR  POWER  STATIONS  (SSPS)  BUILT 
AT  GEOSTATIONARY  EARTH  ORBIT  (GEO) 

T0TAL<14) 

ARRAY  WHICH  IS  USED  TO  TEMPORARILY  STORE  CUMULATIVE 
STATISTICS  ABOUT  SHUTTLES 

WEIGHT 

THE  NUMBER  OF  'SIZE'  METRIC  TON  UNITS  (OR  THE  NUMBER 
OF  SHIP  LOADS)  IN  fiN  ASTEROID 

YEAR 

NUMBER  OF  DAYS  IN  A  YEAR 

YEARS 

NUMBER  OF  YEARS  IN  THE  SIMULATION 

I,  J,  ^D  K 

TEMPORARY  INDICES  INTO  ARRAYS 

GO  TO  THE  PROPER  ROUTINE  BASED  ON  THE  IFN 

GO  TO  <1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1,1, 

1  1,1, I, 1,1, 2, 3, 4, 5, A, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 7, 

2  8)  IFN 


INCREMENT  THE  NUIBER  OF  TIMES  A  SHIP  DOES  SOMETHING  (IFN  *  1  TO  34) 

LOW  EARTH  ORBIT  (LEO) 

SHUHLE  TRAVELS  FROM  LEO  TO  GEO 
SHUTTLE  TWWELS  FROM  LEO  TO  L5 
SHUHLE  TROWELS  FROM  LEO  TO  L4 
SHUTTLE  TWWELS  FROM  LEO  TO  LLO 
SHUTTLE  TRAVELS  FROM  LEO  TO  L2 

GEOSTATIOl'WRY  EARTH  ORBIT  (GEO) 

SHUHLE  TRAVELS  FROM  GEO  TO  LEO  —  LOADED 


LOADED 

(IFN  = 

1) 

LOADED 

(IFN  = 

2) 

LOADED 

(IFN  » 

3) 

LOADED 

(IFN  = 

4) 

UNLOADED 

(IFN  = 

5) 

(IFN  =  6) 


o  o  o  o 


C  SHinTLE  TRAVELS  FROM  GEO  TO  L5  —  LOADED 

C  SHl/TTLE  TfWELS  FROM  GEO  TO  LLO  —  LOADED 

C  SHIXHLE  TRAVELS  FROM  GEO  TO  L4  —  LOADED 

C  SHUTTLE  TIVWELS  FROM  GEO  TO  L4  —  UNLOADED 

C  SHURLE  TRAVELS  FROM  GEO  TO  L2  —  UNLOADED 

C 

C  LOU  LUhAR  ORBIT  (LLO) 

C 

C  SHUTTLE  TROWELS  FROM  LLO  TO  L5  --  LOADED 

C  SHUTTLE  TWWELS  FROM  LLO  TO  L4  —  LOADED 

C  SHURLE  TRAVELS  FROM  LLO  TO  LEO  --  LOADED 

C  SHURLE  TROWELS  FROM  LLO  TO  GEO  —  LOADED 

C  SHURLE  TWWELS  FROM  LLO  TO  L2  —  LOADED 

C  SHURLE  TR»V)ELS  FROM  LLO  TO  L2  —  UNLOADED 

C 

C  UNSTABLE  LAGRvWGl^  POINT  TUO  (L2> 

C 

C  SHURLE  TRAVELS  FROM  L2  TO  L5  --  LOADED  (LU^R  ORE) 

C  SHURLE  TIW)ELS  FROM  L2  TO  LLO  --  LOADED 

C 

C  STABLE  LAGRANGl^  POINT  FOUR  <L4) 

C 

C  SHURLE  TRAVELS  FROM  L4  TO  LLO  --  LOADED 

C  SHURLE  TIWVELS  FROM  L4  TO  L5  —  LOADED 

C  SHURLE  TRAVELS  FROM  L4  TO  LEO  —  LOADED 

C  SHURLE  TWWELS  FROM  L4  TO  GEO  —  LOADED 

C  SHURLE  TRAVELS  FROM  L4  TO  L2  —  UNLOADED 

C  SHURLE  TRFWELS  FROM  L4  TO  GEO  —  LOADED  (SSPS  PARTS) 

C 

C  STABLE  LAGRM^Gl^  POINT  FOUR  <L5) 

C 

C  SHURLE  TWVELS  FROM  L5  TO  L4  --  LOADED 

C  SHURLE  TRWELS  FROM  L5  TO  LLO  —  LOADED 

C  SHURLE  TRAVELS  FROM  L5  TO  LEO  ~  LOADED 

C  SHURLE  TftWELS  FROM  L5  TO  GEO  —  LOADED 

C  SHURLE  TRAVELS  FROM  L5  TO  L2  --  UNLOADED 

C  SHURLE  TWWELS  FROM  L5  TO  L4  —  LOADED  (RAU  ^TERIALS) 

C  SHURLE  NEEDS  hWJOR  REPAIRS 

C  SHURLE  D(!^GED  fitiO  BEYOND  REPAIRS,  RETIRE  SHIP 
C  SHURLE  IS  PAST  ITS  NORWL  LIFETIME,  RETIRE  SHIP 
C 

1  CALL  6ETAT<AR) 

I  =  IFIX<AR<1)) 

SHURLEd  ,IFN)  =  SHURLEd  ,IFN)  +  1 
J  =  IFN  +  40 
AR<4)  =  0.0 

IF  dFN.LE.31)  AR<4)  =  UN<J) 

CALL  PUTAT<AR) 

UF  =  0.0 
RETURN 


dFN  =  7) 
(IFN  »  8) 
dFN  =  9) 
(IFN  =  10) 
(IFN  =  11) 


(IFN  =  12) 
(IFN  =  13) 
(IFN  =  14) 
(IFN  =  15) 
(IFN  =  16) 
(IFN  =  17) 


(IFN  =  18) 
(IFN  =  19) 


dFN  =  20) 
(IFN  =  21) 
(IFN  =  22) 
(IFN  =  23) 
(IFN  =  24) 
(IFN  *  25) 


(IFN  =  26) 
(IFN  *  27) 
(IFN  =  28) 
(IFN  =  29) 
(IFN  =  30) 
(IFN  =  31) 
(IFN  =  32) 
(IFN  =  33) 
(IFN  =  34) 


2  CALL  GETAKATT) 

I  -  1FIX(ATT<1)) 

SHIP(I,2>  s  tNOU 

AGE  =  <SHIP(I,2)  -  SH1P<I,1))  /  YEAR 
ATTdO)  =  0.0 

IF  (AGE. GE. LIFE)  ATTdO)  »  1.0 
CALL  PlfTAKATT) 

UF  -  0.0 
RETURN 
C 
C 

C  INCREMENT  THE  NUMBER  OF  NEW  SSPS'S  AT  GEO  (IFN  =  36) 

C 

3  SSPS  »  SSPS  ♦  1 
UF  =  0.0 
RETURN 

C 

C 

C  INCREMENT  THE  NUMBER  OF  NEW  COLONIES  AT  L4  (IFN  =  37) 

C 

4  L4COLON  s  L4C0LQN  *  1 
UF  =  0.0 

RETURN 

C 

C 

C  INCREMENT  THE  NUMBER  OF  NEU  COLONIES  AT  L5  (IFN  =  38) 

C 

5  L5COLON  »  L5C0L0N  4  1 
UF  =  0.0 

RETURN 

C 

C 

C  INCREMENT  THE  NUMBER  OF  ASTEROIDS  Tmi  ARRIVE  AT  L5  <IFN  =  39) 

C 

6  ASTER  =  ASTER  4  1 
UF  =  WEIGHT 
RETURN 

C 

C 

C  GET  PROBABILITIES  (IFN  *  40  TO  58) 

C 

C  LEO 
C 

C  WILL  SHUTTLE  LEWIN6  LEO  BE  LOADED  OF  UNLOADED?  (IFN  »  40) 

C  DESTINATION  OF  A  SHUHLE  LOWING  LEO  (LOADED)?  (IFN  *  41) 

C 

C  GEO 
C 

C  WILL  SHUTTLE  LOWING  GEO  GE  LOADED  OR  UNLOADED?  (IFN  =  42) 

C  DESTINATION  OF  A  SHUTTLE  LOWING  GEO  (UNLOADED)?  (IFN  »  43) 

C  DESTimTlON  OF  A  SHUTTLE  LOWING  GEO  (LOADED)?  (IFN  »  44) 

C 

C  LLO 
C 


% 

h 

It 


MILL  SHUTTLE  60  TO  L2? 

WILL  SHUTTLE  LEAVING  LLO  BE  LOADED  OR  UNLOADED? 
DESTIhMTION  OF  A  SHUTTLE  LEWIN6  LLO  (LOADED)? 


UHAT  TYPE  OF  CARGO  UILL  LE^E  L2? 


WHERE  UILL  THE  1^  hMTERIALS  FROM  L5  BE  USED  AT  L4? 
UILL  SHUTTLE  LB^ING  L4  BE  LOADED  OR  UNLOADED? 

WIttT  TYPE  OF  CARGO  UILL  LEAVE  L4? 

DESTINATION  OF  A  SHUTTLE  LBWING  L4  (LOADED)? 


Ik. 

a 


WHEN  SHUTTLE  ARRIVES  AT  L5,  DOES  IT  REQUIRE  I^JOR  REPAIRS?  (IFN 
C<W  THE  SHUTTLE  BE  REPAIRED?  (IFN 

UILL  SHUTTLE  LEAVING  L5  BE  LOADED  OR  UNLOADED?  (IFN 

UHERE/HOU  UILL  THE  RAW  MATERIAL  BE  USED?  (IFN 

UW^T  TYPE  OF  CARGO  UILL  LEAVE  L5?  (IFN 

DESTINATION  OF  A  SHUTTLE  LEAVING  L5  (LOADED)?  (IFN 

7  CALL  6ETAT(ATT) 

J  =  IFN  -  39 
ATT(5)  =  PR0B(J,1) 

ATT(4)  =  PR0B(J,2) 

ATT(7)  =  PR0B(J,3) 

ATT(8)  =  PR0B(J,4) 

CALL  PUTAT(ATT) 

UF  =  0.0 
RETURN 


INCREMENT  THE  NUMBER  OF  CHUNKS,  THE  SIZE  OF  A  SHIP'S  CARGO, 

OF  ASTEROIOAL  ORE  TfMT  f«WE  BEEN  MINED  (IFN 


8  GETAT(ATT) 

UF  =  ATT(2)  1 .0 
RETURN 


ooo  ooo  oooo  o o o n  o  o  o  o o o o o o o o o o o o o o o o o o 


SUBROUTINE  US<ISN,DT1M) 


US  THE  Q-GERT  USER  SUBROUTINE  (US)  IS  ALMOST  COMPLETELY 

INTERCMW6EABLE  UITH  UF.  THE  US  SUBROUTINE  IN  THIS 
PROGR^  IS  USED  I^INLY  TO  DETERMINE  IF  A  NEU  SHUTTLE 
IS  NEEDED  IN  THE  SIMULATION.  THE  *  OPTIMUM  NUMBER  OF 
SHUTTLES*  IN  THIS  SIMULATION  IS  DEFINED  AS  THE  NUMBER 
OF  SHUTTLES  NEEDED  TO  ALLOU  A  CARGO  OF  RAU  IMTERIALS 
FROM  L5  TO  L4  TO  ALUAYS  IMVE  A  SHUTTLE  AVAILABLE. 

ISN  THE  USER  SUBROUTINE  NUMBER  (ISN)  TELLS  UIMT  PART  OF 

SUBROUTINE  THAT  WILL  BE  PROCESSED. 

DTIM  VARIABLE  WHICH  STORES  THE  (MLUE/RESULT  OF  THE  US 

SUBROUTINE 


COmON  /QUAR/  NOE,NFTBU<500),NREL(500),NRELP(500),NREL2(500), 

1  NRUN  jNRUNS  ,NrC<  50  0  > ,  PARAM(  100,4)  ,TBEG ,  TNOU 

REAL  AGE, ATTdO), AVERAGE, LIFE, PROBdP, 4), SHIPdSOO, 2)  .WEIGHT, 

1  YEAR, YEARS 

INTEGER  ACTIVE .ASTER , L4COLON , L5C0LCN ,hWXSHI P .NODE , QNODE , SHI PNO , 

1  SHUTTLEd500,35),SIZE,SSPS,TOTALd4) 

COmON  /INFO/  ACTIVE,  AGE  .ASTER,  ATT,  AVERAGE,  LiFE,L4COLON,L5COLON, 

1  mXSHIP, NODE, PROS, QNODE, SHIP, SHI  PNO, SHUTTLE, SIZE, 

2  SSPS, TOTAL, WEIGHT, YEAR, YEARS 


GO  TO  THE  PROPER  ROUTINE  EASED  ON  THE  ISN 
GO  TO  d,2),ISN 


IS  A  NEW  SHUHLE  NEEDED  TO  CARRY  A  RAW  MATERIALS  CARGO  FROM  L5  TO  L4? 

1  IF  (NREL< QNODE ).GT.O)  GO  TO  20 

A  NEW  SHUTTLE  IS  NEEDED 

SHI PNO  =  SHI PNO  +  1 
ATTd)  =  FLOAT<SHIPNO) 

DO  10  I  s  2,10 
ATTd)  =  0.0 
10  CONTINUE 

PUT  A  NEW  SHUTTLE  INTO  THE  SYSTEM 


C 


CALL  PTIN<NOOE,0.0,TNOW,ATT) 


ooo  ooo  oooo  o  ooo  oo 


FLAG  A  SHUTTLE  AS  ACTIVE 

SHUTTLE(SHIPNO, ACTIVE)  =  SHUnLE<  SHI  PNG,  ACTIVE)  ♦  1 

STORE  THE  DATE  A  SHUTTLE  IS  PUT  INTO  SERVICE 

SHIP(SHIPN0,1)  =  TNOU 

20  DTIM  s  0.0 
RETURN 


A  NEU  SHUTTLE  IS  NEEDED  AT  THE  BE6ININ6  OF  THE  SIMULATION 

2  CALL  6ETAT<ATT) 

SHIPNO  »  SHIPNO  *  1 
ATT<1)  =  FL0AT< SHIPNO) 

00  30  I  s  2,10 
ATTd)  =  0.0 
30  CONTINUE 

CALL  PUTAT<ATT) 

FLAG  A  SHURLE  AS  ACTIVE 

SHUTTLEC  SHIPNO,  ACTIVE)  »  SHUTTLE  (SHIPNO,  ACTIVE)  4  1 

STORE  THE  DATE  A  SHURLE  IS  PUT  INTO  SERVICE 

SHIP<SHIPN0,1)  «  TNOU 

DTIM  =0.0 
RETURN 


ooo  ooooooo  o  o  o  o o o o o n o o o o o o o o o 


SUBROlfriNE  UI 


UI  THE  Q-6ERT  USER  INPUT  SUBROUTINE  (UI)  IS  TO  PROMIDE 

THE  USER  THE  CAPABILITY  TO  INITIALIZE  THE  NETWORK 
FOR  EACH  RUN  OF  THE  SIMULATION.  THE  UI  SUBROUTINE 
IN  THIS  PROGR^  INITIALIZES  ALL  CONSTF^S  USED  IN 
OTHER  PARTS  OF  THE  PROGWW,  ZEROES  OUT  THE  SHUTTLE 
RELATED  ARRAYS  FMD  THE  PRODUCTION  LVtRIABLES 
(L4C0L0N,  L5C0L0N,  SSPS,  AND  ASTER),  AND  INITALIZES 
THE  PROBABILITIES  USED  BY  THE  Q-GERT  PROGWW  FOR 
BRM^CHING. 


COttIQN  /QLAR/  NDE,NFTBU(500) ,NREL(500) ,NRELP(500) ,NREL2(500) , 

1  NRUN,NRUNS,NTC<500)  ,PAR(!M(  100 ,4)  ,TBEG,TN0U 

REAL  AGE , ATT< 10) .AVERAGE , LIFE, PROB( 1 P , 4) , SHI P(1 500 , 2) .WEIGHT , 

1  YEAR, YEARS 

INTEGER  ACTIVE , ASTER , L4C0L0N , L5COLON .hMXSHI P .NODE , QNODE . SHI PNO , 

1  SHUrrrLE<  1500, 35),  SIZE,  SSPS, TOTAL(  14) 

COrtlON  /INFO/  ACTIVE,A6E,ASTER, ATT, AVERAGE, LIFE, L4COLON,L5COLGN, 

1  hWXSHI P .NODE , PROB , QNODE , SHI P , SHI PNO , SHUTTLE .SIZE, 

2  SSPS, TOTAL, WEIGHT, YEAR, YEARS 


FOR  ALL  RUNS  INITIALIZE  THE  FOLLOWING  L^RIABLES 

INITIALIZE  THE  CONST<WS  USED  IN  THE  MODEL 

ACTIVE  =  35 
LIFE  =  10.0 
t¥0(SHIP  =  1500 
NODE  =  157 
QNODE  »  UO 
SHI PNO  =  0 
SIZE  =  1500 
WEIGHT  =  350.0 
YEAR  =  365.0 
YEARS  «  50.0 

INITIALIZE  THE  SHUTTLE  RELATED  ARRAYS  <IFN  =  1  TO  35  <WD  ISN  =  1 

DO  20  I  s  l.t^SHIP 

DO  10  J  s  1, ACTIVE 
SHUHLE  <I,J)  =  0 
10  CONTINUE 

SHIP  <I,r  =  0.0 


oooo  n  o  ooocjoooooooooo  oooo  ooo  ooo  ooo  ooo 


20  CONTINUE 


INITIALIZE  THE  NUMBER  OF  NEW  SSPS'S  AT  GEO  (IFN  =  36) 

SSPS  =  0 

INITIALIZE  THE  NUMBER  OF  NEW  COLONIES  AT  L4  (IFN  =  37) 

L4COLON  =  0 

INITIALIZE  THE  NUMBER  OF  NEW  COLONIES  AT  L5  (IFN  =  38) 

L5COLON  =  0 

INITIALIZE  THE  NUMBER  OF  ASTEROIDS  ThWT  ARRIVE  AT  L5  (IFN  =  39) 

ASTER  =  0 


IF  THIS  IS  THE  FIRST  RUN,  THEN  INITIALIZE  THE  REhWINING  VARIABLES 
IF  (NRUN.NE.l)  RETURN 


INITIALIZE  THE  PROBABILITIES  USED  IN  THE  MODEL  (IFN  =  40  TO  58) 


LOW  EARTH  ORBIT  (LEO) 


WILL  SHUTTLE  LEFWING  LEO  BE  LOADED  OF  UNLOADED?  (IFN  =  40) 

LOADED 

PR0B(1,1)  =  0.80 
UNLOADED  TO  L2 

PR0B(1,2)  =  0.20 
NOT  USED 

PR0B(1,3)  »  0.00 
PR0B(1,4)  =  0.00 

DESTIf^TION  OF  A  SHUTTLE  LEAVING  LEO  (LOADED)?  (IFN  =  41) 

GEO 

PR0B(2,1)  -  0.10 

C  L5 

PR0B(2,2)  »  0.30 

C  L4 

PR0B(2,3)  =  0.30 

C  LLO 

PR0B<2,4)  *  0.30 
C 


o o o n  o  o  ooooooooo  o  o  o  oooo  o  o  oooo  o  o  ooooooo 


GEOSTATIOmRY  EARTH  ORBIT  (GEO) 


WILL  SHUTTLE  LOSING  GEO  BE  LOADED  OR  UNLOADED?  (IFN  »  42) 

LOADED 

PR0B(3,1)  =  0.20 
UNLOADED 

PR0B<3,2)  =  0.80 
NOT  USED 

PR0B<3,3)  =  0.00 
PR0B(3,4)  s  0.00 

DESTlh«^TI0N  OF  A  SHUTTLE  LE^ING  GEO  (UNLOADED)?  (IFN  =  43) 

L4 

PR0B(4,1)  -  0.20 
L2 

PR0B(4,2)  -  0.80 
NOT  USED 

PR0B(4,3)  =  0.00 
PR0B(4,4)  =  0.00 

DESTINATION  OF  A  SHUHLE  LEAVING  GEO  (LOADED)?  (IFN  =  44) 

LEO 

PR0B(5,1)  =  0.25 
L5 

PR0B(5,2)  =  0.25 
LLO 

PR0B(5,3)  =  0.25 
L4 

PR0B(5,4)  =  0.25 


LOU  LUhk^R  ORBIT  (LLO) 


WILL  SHUTTLE  GO  TO  L2?  (IFN  =  45) 

NO,  GO  TO  ANOTHER  DESTIf^TION 
PR0B(6,1)  -  0.80 
YES,  GO  TO  L2 

PR0B(6,2)  =  0.20 
NOT  USED 

PR0B<6,3)  -  0.00 
PR0B(6,4)  «  0.00 

WILL  SHUTTLE  LE^ING  LLO  BE  LOADED  OR  UNLOADED?  (IFN  »  46) 

LOADED  TO  L2 


PR0B<7,1)  =  0.80 
C  UNLOADED  TO  L2 

PR0B<7,2)  =  0.20 
C  NOT  USED 

PR0B<7,3)  =  0.00 
PR0B<7,4)  =  0.00 
C 

C  DESTINATION  OF  A  SHUTTLE  LEAVING  LLO  (LOADED)?  (IFN  =  47) 

C 

C  L5 

PR0B(8,1)  =  0.30 

C  L4 

PR0B<8,2)  =  0.30 

C  LEO 

PR0B<8,3)  -  0.30 

C  GEO 

PR0B<8,4)  =  0.10 
C 
C 
C 

C  UNSTABLE  LAGRANGl/^  POINT  TUO  <L2) 

C 

C 

C  WHAT  TYPE  OF  CARGO  WILL  LEAVE  L2?  (IFN  =  48) 

C 

C  LUhMR  ORE  FOR  LS 

PR0B(9,1)  =  0.95 
C  HI  SC  CARGO 

PR0B(9,2)  =  0.05 
C  NOT  USED 

PR08(9,3)  =  0.00 
PR0B(9,4)  =  0.00 
C 
C 
C 

C  STABLE  LAGRfWGIFN  POINT  FOUR  (L4) 

C 

C 

C  WHERE  WILL  THE  RAW  WTERIALS  FROM  L5  BE  USED  AT  L4?  (IFN  =  49) 

C 

C  BUILDING  SSPS  PARTS 
PROB(10,1)  =  0.20 
C  BUILDING  NEW  COLONIES 
PROB(10,2)  »  0.80 
C  NOT  USED 

PR0B(10,3)  =  0.00 
PROB(10,4)  =  0.00 
C 

C  WILL  SHUTTLE  LEAVING  L4  BE  LOADED  OR  LNLOADED?  (IFN  =  50) 

C 

C  UNLOADED  TO  L2 

PROB(ll,l)  =0.20 
C  LOADED 

PR0B(11,2)  =  0.30 


oooo  o  o  oooo  o  o  ooooooooo  o  o  o  oooo  o  r>  oooo 


C  NOT  USED 

PROBdl  ,3)  =  0.00 
PR0B<11,4)  =  0.00 


WHAT  TYPE  OF  CARGO  WILL  LEAVE  L4? 

MI  SC  CARGO 

PR0B<12,1)  -  0.80 
SSPS  PARTS  FOR  GEO 
PR0B<12,2}  =  0.20 
NOT  USED 

PR0B<12,3)  =  0.00 
PR0B(12,4)  =  0.00 

DESTIWtTION  OF  A  SHUTTLE  LEAVING  L4 
LLO 

PR0B<13,1)  =  0.30 
L5 

PR0B<13,2)  =  0.30 

LEO 

PR0B<13,3)  =  0.30 

GEO 

PR0B<13,4)  =  0.10 


<IFN  =  51) 


(LOADED)?  (IFN  =  52) 


STABLE  LAGR^GI^W  POIMT  FIVE  <L5) 


WHEN  SHUTTLE  ARRIVES  AT  L5,  DOES  IT  REQUIRE  hAJOR  REPAIRS?  (IFN  =  53) 

NO,  NEEDS  ONLY  MORTAL  REPAIRS 
PR0B(14,1)  =  0.95 
YES,  SHUTTLE  NEEDS  TAJOR  REPAIRS 
PR08(14,2)  =  0.05 
NOT  USED 

PR0B(14,3)  =  0.00 
PR0B(14,4)  =  0.00 

CAN  THE  SHUTTLE  BE  REPAIRED?  (IFN  =  54) 

YES,  REPAIR  THE  SHUTTLE 
PR08(15,1)  =  0.95 
NO,  RETIRE  THE  SHUTTLE 
PR0B(15,2)  =  0.05 
NOT  USED 

PR0B(15,3)  =  0.00 
PR0B(15,4)  =  0.00 

WILL  SHUTTLE  LEAVING  L5  BE  LOADED  OR  UNLOADED?  (IFN  *  55) 

UNLOADED  TO  L2 

PR08(1<S,1)  =  0.30 


OOOO  O  o  oooo  o  o  o  oooo 


C  LOADED 

PR0B(U,2}  s  0.70 
C  NOT  USED 

PR0B(16,3}  s  0.00 
PR0B<U,4)  =  0.00 

UHERE/HOU  UILL  THE  RAU  MATERIAL  BE  USED? 

UASTE  OR  SLAG 

PR0B<17,1)  =  0.20 
L5  (COLONIES) 

PR0B<17,2)  =  0.35 
L4  (COLONIES  AND  SSPS'S) 

PR0B(17,3)  =  0.45 
NOT  USED 

PR0B(17,4)  =  0.00 

Urti^T  TYPE  OF  CARGO  WILL  LEAVE  L5? 

RAU  MATERIALS  FOR  L4 
PR0B(18,1)  =  0.80 
MI  SC  CARGO 

PROB(18,2)  =  0.20 
NOT  USED 

PR0B(18,3)  =  0.00 
PR0B(18,4)  =  0.00 

DESTII^TION  OF  A  SHUTTLE  LEAVING  L5  (LOADED)? 
L4 

PR0B(19,1)  =  0.30 

C  LLO 

PR0B(19,2)  =  0.30 

C  LEO 

PR0B(19,3)  =  0.30 

C  GEO 

PR0B(19,4)  =  0.10 
C 
C 

RETURN 


oooooo  o  o  o  ooooooonooo 


SUBROUTINE  UO 


UO  THE  Q-6ERT  USER  OUTPUT  SUBROUTINE  <U0)  IS  TO  PROVIDE 

THE  USER  THE  CAPABILITY  TO  OUTPUT  USER  STATISTICS 
AND  ANY  OTHER  INFORMATION  TJ*^T  THE  USER  DEEMS  NECES¬ 
SARY.  THE  UO  SUBROUTINE  IN  THIS  PROGRPH  OUTPUTS  THE 
SHUHLE  RELATED  ARRAYS  <^D  THE  PRODUCTION  VARIABLES. 


C0M10N  /QVAR/  NDE,NFTBU<500) ,NREL(500) ,NRELP<500> ,NREL2<500) , 

1  NRUN ,NRUNS ,NTC< 500 ) , PAR^(  100,4)  ,TBE6 ,TN0U 

REAL  AGE , ATT< 1 0 ) .AVERAGE .LIFE, PROB< 1 9 , 4 > , SHI P< 1 500 , 2) ,UE I GHT , 

1  YEAR, YEARS 

INTEGER  ACTIVE .ASTER , L4C0L0N , L5COLON ,rW<SH I P , NODE , QNODE , SH I PNO , 

1  SHUTTLE<1500,35),SI2E,SSPS,TOTAL<14) 

C0M10N  /INFO/  ACT I VE, AGE, ASTER, ATT, AVERAGE, L I FE,L4COLON,L5COLON, 

1  mXSHI  P  .NODE ,  PROB ,  QNODE ,  SHI  P ,  SHI  PNO ,  SHUTTLE  .SIZE, 

2  SSPS, TOTAL, WEI GHT, YEAR, YEARS 


SETUP  THE  FORINTS  USED  TO  PRESENT  USER  GENERATED  STATISTICS 


1000  FORMAT 

1100  FORMAT 
1 

1200  FORhWT 
1 

1300  FORMAT 
1 

1400  FORMAT 

1500  FORMAT 
C 
C 

2000  FORMAT 
1 

2100  FORMAT 
1 

2200  FORMAT 
1 
2 

2300  FORMAT 
1 
2 

2400  FORMAT 

2500  FORMAT 


<54H1ACTIVITY  WTRIX  FOR  SHUTTLES  AT  LOW  EARTH  ORBIT  <LEO)) 

<54H - , 

/  /  ) 

<45H  SHUTTLE  NUMBER  LEO/GEO  LE0/L5  LEO/L4, 

40H  LEO/LLO  LE0/L2( UNLOADED)  TOTAL) 

<45H -  -  -  - , 

40H  -  -  - ) 

<6X,I3,6X,I10,110,I10,I10,I20,110) 

<7H  TOTALS, 8X, 1 10, 1 10, 1 10, 1 10, 120, 1 10) 


<53H1 ACTIVITY  I^TRIX  FOR  SHUTTLES  AT  GEOSTATIONARY  EARTH  , 
IIHORBIT  <GEO)) 

<53H - , 

IIH - /  /  ) 

<45H  SHUTTLE  NUMBER  GEO/LEO  GE0/L5  GEO/LLO, 

45H  GE0/L4  GE0/L4( UNLOADED)  GE0/L2(UNL0, 

15)V!|DED)  TOTAL) 

45H  -  -  - ’ 

15H -  - ) 

<6X, 13, 6X, 1 10, 1 10, 1 10, 1 10, 1 20, 1 20, 1 10) 
t7H  TOTALS,3X,II0,I10,I10,I10,I20.I20,I10) 


o  o  o  o  on 


3000  FOlWiT  <54H1  ACTIVITY  ^k!^TRlX  FOR  SHUTTLES  AT  LOW  LLfWR  ORBIT  <LLO)) 

3100  FORMAT  <54H - , 

1  /  /  ) 

3200  FORMAT  <45H  SHUTTLE  NUMBER  LL0/L5  LL0/L4  LLO/LEO, 


45H  LLO/GEO  LL0/L2( LOADED) 

IShWDED)  TOTAL) 


LL0/L2(IWL0, 


3300  FORMAT  <45H 


1  45H  -  -  - 

2  15H -  - ) 

3400  FORMAT  <  AX,  I3,<SX,  1 10 , 1 1 0 , 1 10 , 1 10 , 1 20 , 1 20 , 1 1 0) 

3500  FORMAT  <7H  T0TALS,8X, 1 10 , 1 10 , 1 10 , 1 10 , 120 , 120 , 1 10) 


4000  FORMAT  (4AH1 ACTIVITY  mTRIX  FOR  SHUTTLES  AT  THE  UNSTABLE  , 
1  2SHLAGR^G1AN  POINT  TWO  (L2)) 


4100  FORIMT  <4AH 


4200  FORMAT  <45H  SHUTTLE  NUMBER 


- /  /  ) 

L2/L5( LUNAR  ORE) 


L2/L, 


2QHL0<L0ADED) 


TOTAL) 


4300  FORMAT  (45H -  - 

1  20H -  - ) 

4400  FORmT  <AX, 13, AX, 120, 120, 110) 

4500  FORMAT  <7H  TOTALS, 8X, 120 ,120,110) 


5000  FORMAT  <44H1 ACTIVITY  WiTRIX  FOR  SHUTTLES  AT  THE  STABLE  , 

1  2AHLAGRAN6IAN  POINT  FOUR  <L4)> 

5100  FORmT  <44H - , 

1  2AH - /  /  > 

5200  FORWT  <45H  SHUTTLE  NUMBER  L4/LL0  L4/L5  L4/LE0, 

1  45H  L4/GE0  L4/L2( UNLOADED)  L4/GE0( , 

2  15HSSPS)  TOTAL) 

5300  FORmT  <45H -  -  -  - , 

1  45H  - -  - , 

2  15H -  - ) 

5400  FORMAT  (AX, 13, AX, 1 10 , 1 1 0 , 1 10 , 1 10 , 120 , 120 , 1 10) 

5500  FORT^T  <7H  T0TALS,8X,  110 , 1 10 , 1 10 , 1 10 , 120 , 120 , 1 10) 


AOOO  FOFmr  <44H1ACTIVITY  mTRIX  FOR  SHinTLES  AT  THE  STABLE  , 

1  2AHLAGRFMGIAN  POINT  FIVE  <L5)) 

AlOO  FORMAT  <44H - , 

1  2AH - /  /  ) 

A200  FORmT  <45H  SHUTTLE  NUMBER  L5/L4  L5/LL0  L5/LE0, 

1  45H  L5/GE0  L5/L2( UNLOADED)  L5/L4, 

2  15H(RAW)  TOTAL) 

A300  FORhWT  <45H -  -  -  - , 

1  45H  -  -  - , 

2  15H -  - ) 

A400  FORfMT  (AX, 13, AX, no, 110, 110, no, 120, 120, 110) 

A500  FORmT  (7H  TOTALS, 8X, 110, 110, 110, 110, 120, 120, 110) 


101 


7000  FORMAT 
1 

7100  FORmT 
1 

7200  FORmT 
1 

7300  FOR^T 
1 

7400  FORmT 
7500  FORmT 
C 
C 

8000  FORmT 
8100  FORMAT 
8200  FORt^T 
1 
2 

8300  FORMAT 
1 
2 

8400  FORmT 
8500  FORmT 
C 
C 

9000  FORmT 
1 
2 

3 

4 

5 

6 

7 

8 
9 
A 
B 
C 
D 
E 
F 
G 

C 

9100  FORmT 
1 
2 

3 

4 

5 

6 

7 

8 
9 

C 

C 


<50H1 ACTIVITY  mTRIX  FOR  SHUTTLES  AT  ALL  NODES  OF  THE  , 
7WETW0RK) 


<50H - , 

7H - /  /  ) 

<45H  SHUTTLE  NUMBER  LEO  GEO  LLO, 

40H  L2  L4  L5  TOTAL) 

<45H -  -  -  - , 

40H  —  —  —  > 


<SX,13,<&X,110,I10,I10,I10,I10,I10,I10) 

<7H  TOTALS,8X,I10,I10,110,I10,I10,I10,I10> 


<49H1 VITAL  STATISTICS  ON  ALL  THE  INTER-ORBIT  SHUTTLES) 


<49H - /  / 

<45H  SHUTTLE  NUMBER  DATE  BUILT  DATE  RETIRED, 

45H  AGE  TOTAL  TRIPS  AVE  TRIPS, 

30H  REPAIRS  DAmGED  OLD  AGE) 

<45H -  -  - , 

45H  -  -  - , 

30H  -  -  - ) 


<<iX,I3,^,F15.5,F15.5,F15.5,I15,F15.5,I10,I10,I10) 
<7H  TOTALS, 8X, SOX, 1 10, 15X, 11 0,1 10, 1 10) 


<12H1DUR1NG  THE  ,  F8.2,  19H  YEARS  IIWESTIGATED, 

38H  IN  THIS  STUDY  THE  FOLLOWING  mPPENED:  /  /  /  / 

45H  STARTING  WITH  ONE  COLONY  AT  L4  fiHO  ONE  AT  L5, 

48H  ^D  NO  SSPS'S  AT  GEO,  THE  FOLLOWING  WERE  BUILT:  / 
no,  15H  COLONIES  AT  L4  / 
no,  15H  COLONIES  AT  L5  / 
no,  14H  SSPS'S  AT  GEO  /  /  /  / 

27H  TOTAL  NUMBER  OF  SHUTTLES  (  ,15, 

17H  METRIC  TONS)  IS  ,110  /  /  /  / 

44H  TOTAL  NUMBER  OF  TRIPS  THAT  WERE  mDE  BY  ALL, 

13H  SHUTTLES  IS  ,110  /  /  /  / 

52H  TOTAL  NUMBER  OF  mJOR  REPAIRS  THAT  WERE  DONE  ON  ALL, 
13H  SHURLES  IS  ,110  /  /  /  / 

50H  TOTAL  NUMBER  OF  SHUTTLES  TWT  WERE  [XV1AGED  BEYOND, 
IIH  REPAIR  IS  ,110  /  /  /  / 

51 H  TOTAL  NUMBER  OF  SHUTTLES  TmT  WERE  RETIRED  BECAUSE, 
llH  OF  AGE  IS  ,110) 

(IH  /  /  /  37H  AVERAGE  NUMBER  OF  TRIPS  PER  YEAR  IS  , 
F15.5,  /  /  /  / 

51H  THE  TOTAL  NUMBER  OF  ASTEROIDS  RETREIVED  FOR  MINING, 
4H  IS  ,  no  /  /  /  / 

49H  THE  TOTAL  mSS  OF  ASTEROIDAL  ORE  MINED  AT  L5  IS  , 
120,  12H  METRIC  TONS  /  /  /  / 

A6H  THE  TOTAL  NUMBER  OF  LUmR  ORE  TRIPS  TO  L5  IS  , 

no  /  /  /  / 

43H  THE  TOTAL  mSS  OF  LUNAR  ORE  SENT  TO  L5  IS  ,  120, 

12H  METRIC  TONS) 
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oooo  o  o  o  o  o  o  o  ooooo 


PRINT  OUT  WHAT  THc  SHUTTLE  HAS  BEEN  DOING  AT  EACH  NODE  OF  THE  SYSTEM 


LOW  EARTH  ORBIT  <LE0) 

PRINT  1000 
PRINT  1100 
PRINT  1200 
PRINT  1300 

DO  no  1  =  1  (MAXSHIP 

IF  (SHUTTLE( I .ACTIVE) .NE.l)  GO  TO  110 

TOTALd)  =  0 

DO  100  J  =  1  ,5 

TOTALd)  =  TOTALd)  +  SHUTTLEd.J) 

100  CONTINUE 

PRINT  1400,1  .(SHUTTLEd  ,J)  ,J=1 ,5)  .TOTALd  ) 
110  CONTINUE 

DO  120  K  =  1 ,7 
TOTAL<K)  =  0 
120  CONTINUE 

DO  130  J  =  1 ,5 
DO  130  I  =  l.MAXSHIP 
K  =  J 

T0TAL<K)  =  TOTAKK)  +  SHl/TTLEd  ,  J) 

130  CONTINUE 

T0TAL<<i)  =  TOTALd)  ♦  T0TAL(2)  +  T0TAL<3>  ♦ 
1  T0TAL<4)  +  T0TAL<5) 

PRINT  1300 

PRINT  1500,<TOTAL<K) ,K=1 ,6) 


t 


GEOSTATIOhWRY  EARTH  ORBIT  (GEO) 

PRINT  2000 
PRINT  2100 
PRINT  2200 
PRINT  2300 
C 

DO  150  I  =  l,Pk«SHIP 
IF  (SHUTTLEd  .ACTIVE)  .NE.l)  60  TO  150 
TOTALd)  *  0 
C 

DO  140  J  s  6,11 

TOTALd)  *  TOTALd)  ♦  SHUTTLEd.J) 

140  CONTINUE 
C 

PRINT  2400 , 1 , ( SHUTTLE( I , J) , J»6, 1 1 ) ,TOTAL(  1 ) 
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o  o  o  o 


150  CONTINUE 


DO  160  K  =  1 ,7 
TOTAKK)  =  0 
160  COmiNUE 

DO  170  J  =  6,11 
DO  170  I  =  l.MAXSHIP 
K  =  J  -  5 

TOTAKK)  =  TOTAL(K)  +  SHUTTLE(I,J) 

170  CONTINUE 

T0TAL(7)  =  TOTAKl)  ♦  T0TAL(2)  *  TOTALO)  ♦ 
1  T0TAL<4)  +  T0TAL<5)  +  TOTAL(6> 

PRINT  2300 

PRINT  2500,(TOTAL<K),K=1,7) 


LOU  LUNAR  ORBIT  (LLO) 

PRINT  3000 
PRINT  3100 
PRINT  3200 
PRINT  3300 

DO  190  I  =  l,hWXSHlP 
IF  <SHUTrLE<I,ACTIVE).NE.l)  60  TO  190 
T0TAL<1)  =  0 

DO  180  J  »  12,17 

TOTALd)  =  T0TAL<1)  +  SHUTTLE(I,J) 

180  CONTINUE 

PRINT  3400,1  ,<SHUTTLE< I ,J) ,Jsl2,17) ,T0TAL<1) 
190  CONTINUE 

DO  200  K  =  1 ,7 
TOTAL(K)  =  0 
200  CONTINUE 

DO  210  J  s  12,17 
DO  210  1  =  1,MAXSHIP 
K  =  J  -  11 

TOTAL<K)  =  TOTAL<K)  +  SHUTTLE<I,J) 

210  CONTINUE 

T0TAL(7)  =  TOTALd)  +  T0TAL<2)  *  T0TAL<3)  ♦ 

1  T0TAL<4)  +  T0TAL<5)  ♦  T0TAL(6) 

PRINT  3300 

PRINT  3500,<TOTAL<K),K=1,7) 


C  UNSTABLE  LAGIW^GI#^  POINT  TWO  <L2) 

C 

PRINT  4000 
PRINT  4100 
PRINT  4200 
PRINT  4300 
C 

DO  230  I  =  l.mXSHIP 
IF  <SHUTTLE<i .ACTIVE) .NE.l)  60  TO  230 
T0TAL<1)  =  0 
C 

DO  220  J  =  18,19 

TOTAL(l)  =  TOTALd)  +  SHUTTLEd.J) 

220  CONTINUE 
C 

PRINT  4400 , 1 ,  < SHirrTLE(  I  ,  J)  ,  J=1 8, 1 9)  ,TOTAL(  1 ) 
230  CONTINUE 
C 

DO  240  K  =  1 ,7 
TOTAKK)  =  0 
240  CONTINUE 
C 

DO  250  J  =  18,19 
DO  250  I  =  l.MAXSHIP 
K  =  J  -  17 

TOTAKK)  =  TOTAL<K)  +  SHUHLEd.J) 

250  CONTINUE 
C 

T0TAL<3)  =  TOTALd)  ♦  T0TAL<2) 

C 

PRINT  4300 

PRINT  4500,<TOTAL<K) ,K=1 ,3) 

C 

C 

C  STABLE  LAGR^GI^  POINT  FOUR  (L4) 

C 

PRINT  5000 
PRINT  5100 
PRINT  5200 
PRINT  5300 
C 

DO  270  I  =  l,WO(SHIP 
IF  (SHUTTLEd  .ACTIVE)  .NE.l)  GO  TO  270 
TOTALd)  =  0 
C 

DO  2^0  J  »  20,25 

TOTALd)  =  TOTALd)  +  SHUTTLEd.J) 

260  CONTINUE 
C 

PRINT  5400 , I , <SHUTTLE< I , J) , Js20 ,25) ,TOTAL< 1 ) 
270  CONTINUE 
C 

DO  280  K  «  1 ,7 
TOTAKK)  »  0 


280  CONTINUE 
C 

DO  290  J  =  20,25 
DO  290  I  =  1,MAXSHIP 
K  =  J  -  19 

TOTAL<K)  =  TOTAL(K)  +  SHUTTLE<I,J) 

290  CONTINUE 
C 

T0TAL(7)  =  TOTAL(l)  *  T0TAL(2)  4  TOTALO)  4 
1  T0TAL<4)  4  TOTALCS)  4  T0TAL(6) 

C 

PRINT  5300 

PRINT  5500,<TOTAL<K) ,K=1,7) 

C 

C 

C  STABLE  LA6R<^GI<«  POINT  FIVE  <L5) 

C 

PRINT  <4000 
PRINT  6100 
PRINT  6200 
PRINT  6300 
C 

DO  310  I  =  1,MAXSHIP 
IF  < SHIJTTLE<  I , ACTIVE)  .NE.l)  GO  TO  310 
TOTALd)  =  0 
C 

DO  300  J  =  26,31 

TOTALd)  =  TOTALd)  4  SHUTTLEd,J) 

300  CONTINUE 
C 

PRINT  6400 , 1 , < SHUrrLE( I , J) , J*26 , 31 ) ,TOTAL< 1 ) 

310  CONTINUE 
C 

DO  320  K  =  1 ,7 
TOTAL<K)  =  0 
320  CONTINUE 
C 

DO  330  J  »  26,31 
DO  330  I  =  1,MAXSHIP 
K  »  J  -  25 

TOTAL(K)  =  TOTAL<K)  4  SHUTTLEd.J) 

330  CONTINUE 
C 

T0TAL<7)  =  TOTALd)  4  T0TAL(2>  4  T0TAL<3)  4 
1  T0TAL<4)  4  T0TAL<5)  4  T0TAL(6) 

C 

PRINT  6300 

PRINT  6500,<TOTAL<K),K=1,7) 

C 

C 

C 

C  PRINT  OUT  THE  TOTAL  TIMES  A  SHUTTLE  ARRIVES  AT  A  NODE  IN  THE  SYSTEM 
C 

PRINT  7000 


PRINT  7100 
PRINT  7200 
PRINT  7300 
C 

DO  340  K  =  1,14 
TOTAL(K)  =  0 
340  CONTINUE 
C 

DO  360  I  s  1,MAXSHIP 
IF  (SHUTTLES  jACTIUE)  .NE.i)  60  TO  360 
C 

C  LEO 
C 

TOTALd)  =  SHUTTLE<I,6)  4  SHUrrLE<  1 , 14)  4  SHUTTLE(  1 ,22)  4 
1  SHUTTLE<I ,28) 

TOTALIS)  =  TOTALIS)  4  TOTAL! 1) 

C 

C  GEO 
C 

T0TALI2)  =  SHUTTLEII,!)  4  SHUTTLEI I , 15)  4  SHUTTLEI I ,23)  4 
1  SHUTTLEI I, 25)  4  SHUTTLEI I ,29) 

T0TALI9)  =  T0TALI9)  4  T0TALI2) 

C 

C  LLO 
C 

T0TALI3)  =  SHUTTLEII, 4)  4  SHUTTLEII, 8)  4  SHUTTLEII ,19)  4 

1  SHUTTLEI I, 20)  4  SHUTTLEI I ,27) 

TOTALIIO)  =  TOTAL! 10)  4  T0TALI3) 

C 

C  L2 
C 

TOTALI4)  =  SHUTTLEI 1, 5)  4  SHUTTLE 1 1 , 1 1 )  4  SHUTTLEI 1 , 16)  4 

I  SHUTTLEII ,17)  4  SHUTTLEI I ,24)  4  SHUTTLEII ,30) 

TOTALIll)  =  TOTALIll)  4  T0TALI4) 

C 

C  L4 
C 

TOTALIS)  =  SHUTTLEI I, 3)  4  SHUTTLEI I, 9)  4  SHUTTLEI I , 10)  4 

1  SHUTTLEII ,13)  4  SHUTTLEII ,26)  4  SHUTTLEI I ,31 ) 

T0TALI12)  »  T0TALI12)  4  TOTALIS) 

C 

C  L5 
C 

T0TALI6)  »  SHUTTLEI I, 2)  4  SHUTTLEII,?)  4  SHUTTLEI I , 12)  4 

1  SHUTTLEII ,18)  4  SHUTTLEI I ,21 ) 

T0TALI13)  «  T0TALI13)  4  T0TALI6) 

C 

C  TOTALS 
C 

T0TALI7)  «  TOTALIl)  4  T0TALI2)  4  T0TALI3)  4 
1  T0TALI4)  4  TOTALIS)  4  T0TALI6) 

T0TALI14)  =  TOTALIl 4)  4  TOTAL! 7) 

C 

PRINT  7400,I,ITOTALIK),K»I,7) 


I 


I 


I 


i 


C 

DO  350  K  =  1 ,7 
TOTAL(K)  =  0 
350  COT'n-INUE 
C 

3<40  CONTINUE 
C 

PRINT  7300 

PRINT  7500,(TOTAL(K) ,K=8,14) 

C 

C 

C  PRINT  OUT  GENERAL  INFOWV^TION  ABOUT  EACH  SHUTTLE 
C 

PRINT  8000 
PRINT  8100 
PRINT  8200 
PRINT  8300 
C 

DO  370  K  s  1,14 
TOTALCK)  =  0 
370  CONTINUE 
C 

DO  390  1  =  l,^tWSHIP 
IF  <SHUTTLE<I,ACTIVE).NE.l)  GO  TO  390 
C 

DO  380  J  »  1 ,31 

TOTALd)  *  TOTALd)  ♦  SHUTTLEd,J) 

380  CONTINUE 
C 

T0TAL<2)  =  T0TAL<2)  ♦  TOTALd) 

T0TAL<3)  =  T0TAL<3)  +  SHUTTLE<I ,32) 

TOTAL<4)  =  T0TAL<4)  4  SHUTTLEd  ,33) 

T0TAL<5)  =  T0TAL<5)  +  SHUTTLEd, 34) 

C 

C  UPDATE  THE  TIME  A  SHIP  'RETIRES'  FOR  SHUTTLES  STILL  ACTIVE 
C  AT  THE  END  OF  THE  SIMULATION 
C 

IF  (SHUTTLEd,  33).  EQ.O  .WD.  SHUTTLEd  ,34)  .EQ.O)  SHIPd,2)  =  TNOU 
C 

AGE  *  <SHIPd,2)  -  SHIPd,!))  /  YEAR 
AVERAGE  =  FLOATCTOTALd))  /  AGE 
C 

PRINT  8400 , 1 ,  SHI  Pd  ,  1 ) ,  SHI  Pd  ,  2) ,  AGE  ,TOTAL(  1 ) ,  AVERAGE , 

1  <  SHUTTLEd,  J),J=32, 34) 

C 

TOTALd)  =  0 
390  CONTINUE 
C 

PRINT  8300 

PRINT  8500,<TOTAL<K),K»2,5) 

C 

C 

C  PRINT  OUT  THE  INFORmTION  ABOUT  HOU  M<Wr  COLONIES  fHO  SSPS'S 
C  WERE  BUILT,  TOTAL  STATISTICS  ABOUT  SHUTTLES'  ACTIVITIES  <WD 
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C  ASTEROIDAL  AND  LUNAR  ORE  STATISTICS 
C 

DO  400  K  =  1,14 
TOTAL<K)  =  0 
400  CONTINUE 
C 

DO  420  I  =  l,mXSHlP 
C 

DO  410  J  =  1 ,31 

T0TAL<2)  =  T0TAL(2)  +  SHUTTLE(1,J) 

410  CONTINUE 
C 

TOTAL! 7)  =  TOTAL! 7)  +  SHIH’TLE!  1 , 18) 

T0TAL!3)  =  T0TAL!3)  +  SHUTTLE! I ,32) 

T0TAL!4)  =  T0TAL!4)  +  SHUTTLE! I ,33) 

T0TAL!5)  =  T0TAL!5)  +  SHUTTLE! I ,34) 

TOTAL! 1)  =  TOTAL! 1)  ♦  SHUTTLE! I .ACTIVE) 

420  CONTINUE 
C 

AVERAGE  =  FL0AT!T0TAL!2))  /  YEARS 
TOTAL! 6)  =  ASTER  *  IFIX!WEI6HT)  *  SIZE 
TOTAL! 8)  =  TOTAL! 7)  *  SIZE 
C 

PRINT  9000, YEARS, L4COLON,L5COLON,SSPS, SIZE, !TOTAL!K) ,K=1 ,5) 
PRINT  9100  , WERAGE , ASTER ,  !TOTAL!  K)  ,  K=6 , 8> 

C 

C 

RETURN 

C 

C 

END 

*EOR 


GEN  .WAGNER ,  SPACE-COLGhTi'  ,12,15,1982,124,0,0.1 8250 , 1  ,  E ,  0 , 1 1  * 
* 

* 


* 

*  THE  FOLLOWING  Q-6ERT  NETWORK  IS  A  SIMULATION  OF  A  TRANSPORTATION 

*  MODEL  FOR  A  SPACE  COLONIZATION  AND  I^UFACTURING  SYSTEM  <SCMS). 


* 

*  PNY  COMPUTER  SYSTEM  WHICH  SUPPORTS  FORTRAN  IV  AND  B-GERT  SHOULD  BE 

*  ABLE  TO  RUN  THIS  PROGR<V1.  THE  COMPUTER  SYSTEM'S  Q-GERT  PROGR<¥1  MUST 
»  BE  ABLE  TO  UPDATE  THE  UF  FUNCTION  PND  THE  US,  UI  ,  PND  UO  SUBROUTINES. 

*  THE  Q-GERT  PROGRAM  MUST  ALSO  BE  ABLE  TO  H<^DLE  THE  CJ*^RACTERISTICS  OF 

*  THIS  Q-QERT  NETWORK. 


« 


* 

*  THE  Q-GERT  NETWORK  HAS  THE  FOLLOWING  CHARACTERISTICS; 


* 

* 

* 

* 

* 

« 

* 

* 


124  STATISTICS  NODES 

39  QUEUE  NODES 

6  SELECTOR  NODES 

1  SOURCE  NODE 


170  TOTAL  Q-GERT  NODES 


« 


11  ATTRIBUTES  PER  TRANSACTION 


*  LOU  EARTH  ORBIT  <LEO) 

* 

*  ON  THE  EARTH  THERE  ARE  FACILITIES  TO  LAUNCH  REUSABLE  HEAVY  LIFT 

*  VEHICLES  (HLV)  INTO  LOU  EARTH  ORBIT  UHERE  THET  CAN  DOCK  TO  A 

*  SPACE  STATION.  IT  IS  ASSUMED  TI^T  THE  HLV  mS  THE  SAME  CAPACITY 

*  AS  m  INTER-ORBIT  SHUTTLE  (lOS).  IF  THIS  IS  NOT  TRUE,  IT  CAN  BE 

*  ASSUMED  Trt^T  MULTIPLE  (OR  FRACTIONAL)  LAUNCHES  CAN  EQUAL  ONE 

*  PROPOSED  HLV  LAUNCH  OR  THE  I  OS  LBWES  LEO  ONLY  PARTIALLY  LOADED. 

*  THE  SPACE  TRANSPORT ATON  SYSTEM  (STS)  IS  NOT  SPECIFICALLY  INCOR- 

*  PORATED  INTO  THIS  MODEL  BUT  IT  CAN  BE  ASSUMED  THAT  MULTIPLE  STS 

*  LAUNCHES  CAN  EQUAL  ONE  HLV  LAUNCH. 

* 

*  IN  LOW  EARTH  ORBIT  THERE  IS  ^  EARTH  SPACE  STATION  (ESS)  WHERE 

*  CARGO  TO  <WD  FROM  THE  EARTH  IS  TEMPORARILY  STORED  UNTIL  THERE  IS 

*  A  SPACESHIP  TO  TR^SPORT  THE  CARGO  TO  ITS  DESTII^TION.  THE  ESS 

*  ALSO  HAS  THE  FACILITIES  TO  UNLOAD,  SERVICE  (MINIMUM),  ^D  LOAD 

*  INTER-ORBIT  SHUTTLES. 

» 

STA,l/ARR-LEO,l ,1 ,D,B» 

ACT, 1,2, CO, 0* 

QUE,2/UNLODOCK,0, ,D,F* 

VAS,2,2,CO,0* 

ACT,2,3,UN,3,1/UNL0-LE0,1* 

STA , 3/SHI P-UNLO , 1 , 1 , D , B* 

ACT, 3, 4, CO, 0* 

QUE,4/SERV-FAC,0,,D,F* 

ACT,4,5,UN,4,2/SERV-LE0,1* 

STA , 5/LO-UNLO? , 1 , 1 , P , B» 

VAS,5,?,UF,40* 

ACT , 5 , ^ , CO , 0 1 , , 5^ 

STA,6/L0-SHIP,1,1,D,B» 

ACT, 6, 7, CO, 0* 

QUE,7/SHIPS-LEO,0, ,D,F,,, ,13* 

VAS,7,2,C0,1* 

ACT, 5, 8, UF, 5, , ,6* 

STA , 8/G0-T0-L2 , 1 , 1 , D , B* 

ACT,  6,  <44,  AT,  4* 

STA , 9/HLV-LAUN , 1 , 1 , D , B* 

ACT,?,9,UN,1» 

ACT, 9, 10, CO, 0* 

STA , 1 O/PRE-CARGO , 1 , 1 , D , B* 

ACT, 10, 11 , UN, 2* 

STA , 1 1 /CARGO-PRE ,  1 , 1 , D , B* 

ACT,11 ,12,C0,0* 

QUE , 1 2/CARGO-LEO , 0 , , D , F , , , , 1 3* 

SEL , 1 3/LOADDOCK , ASM , , B/ 1 , , 7 , 1 2* 

ACT,13,14,UN,5,3/L0AD-LE0,1* 

STA , 1 4/LEO-DES? , 1 , 1 , P , B* 

VAS,14,9,UF,41* 

ACT,14,15,UF,1,,,S» 

STA,15/LE0-GE0,1,1,D,B* 

ACT,15,19,AT,4* 

ACT,14,16,UF,2,,,6* 
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ARRIVE  AT  LEO  LOADED  WITH  CARGO 

LEO  UNLOADING  DOCK 
FLAG  THE  SHIP  AS  UNLOADED 
UNLOAD  THE  SHIP 
SHIP  IS  UNLOADED 

LEO  SERVICE  FACILITY 
SERVICE  THE  SHIP 

WILL  THE  SHIP  BE  LOADED  OR  UNLOADED? 
(GET  PROBABILITIES) 

(LOADED) 

SHIP  NEEDS  TO  BE  LOADED 

SHIPS  WAITING  TO  BE  LOADED 
FLAG  THE  SHIP  AS  LOADED 
(UNLOADED) 

SEND  THE  SHIP  TO  L2  UNLOADED 
(L2) 

HLV  LAUNCHES 

TIME  BETWEEN  HLV  LAUNCHES 

COLLECT  ALL  THE  HLV  CARGOS 
PREPARE  THE  NEXT  SHIP'S  CARGO 
CARGO  IS  PREPARED 

STORE  THE  SHIP'S  CARGO 
LEO  LOADING  DOCK 
LOAD  THE  SHIP 

WHAT  IS  THE  SHIP'S  DESTINATION? 

(GET  PROBABILITIES) 

(GEO) 

LEO  TO  GEO 
(L5) 


*  GEOSTATIOmRY  EARTH  ORBIT  (GEO) 

* 

*  IN  GEOSTATIOt^RY  EARTH  ORBIT  THERE  IS  A  SMALL  SATELLITE  CCNSTRUCTI ON 

*  SHACK  (SCS)  TO  PROVIDE  FACILITIES  TO  A  CREU  OF  WORKERS  WHO  PUT 

«  TOGETHER  SATELLITE  SOLAR  POWER  STATIONS  (SSPS)  FROM  PARTS  RECIEL'ED 

*  FROM  L4.  THE  SCS  ALSO  mS  THE  FACILITIES  TO  UNLOAD,  SERVICE 

*  (MINIMUM),  fHO  LOAD  INTER-ORBIT  SHVnLES. 

•» 


* 

STA,19/CAR60?,1 ,1 ,A,B* 
ACT,19,20,CO,0, , ,,A3.LE.O* 
STA,20/MISC-6EO,1 ,1  ,D,B» 

ACT, 20, 21, CO, 0» 
QUE,21/UNL0D0C1 ,0, ,D,F* 

VAS,21 ,2,CO,0* 

ACT, 21 ,22,UN,7,4/UNL1-QE0,1* 
STA , 22/SHI P-UNLO , 1 , 1  , D , B* 

ACT, 22, 29, CO, 0* 

ACT, 19, 23, CO, 0 , , , ,A3.GT.O* 

STA , 23/SSPS-6E0 , 1 , 1 , D , B* 

ACT, 23, 24, CO, 0» 

QUE , 24/UNL0D0C2 , 0 , , D , F« 
VAS,24,2,CO,0 ,3,CO,0* 

ACT , 24 , 25 , UN , 8 , 5/UNL2-6E0 , 1  * 
STA , 25/SEPARATE , 1 , 1 , D , B* 
ACT,25,2<<,CO,0» 

QUE , 2A/SSP3-PARTS , 0 , , D , F« 

ACT, 26, 27, UN, 6, 7/BUILDING, 1* 
STA, 27/BUI LD-SPSS, 12,1 2, D,B* 
ACT, 27, 28, UF, 36* 

STA , 28/NEW-SSPS , 1 , 1 , D , B« 

ACT, 25, 29, CO, 0* 

STA , 29/SERV-SHI P , 1 , 1 , D , B* 

ACT, 29, 30, CO, 0* 

QUE , 30/SERV-FAC , 0 , , D , F* 

ACT, 30, 31 ,UN,9,6/SERV-GE0,1» 
STA , 31 /LO-UNLO? , 1 , 1 , P , B* 
VAS,31 ,9,UF,42* 

ACT, 31 ,32,CO,0,,,5» 

STA , 32/LO-SHI P , 1 , 1 , D , B* 

ACT, 32, 33, CO, 0* 

QUE , 33/LOADDOCK , 0 , , D , F« 
VAS,33,2,C0,1* 

ACT , 33 , 37 , UN , 1 0 , 8/LOAD-GEO , 1  * 
ACT, 31 ,34,CO,0, , ,6* 

STA , 34/GEO-D-U? , 1 , 1 , P , B* 

« 

VAS,34,9,UF,43* 

ACT, 34, 35, UF, 10,,, 5* 

STA , 35/G0-T0-L4 , 1 , 1 , D , B» 

ACT, 35, 83, AT, 4* 
ACT,34,36,UF,11 ,,,6» 

STA , 36/60-T0-L2 , 1 , 1 , D , B* 

ACT, 36, 64, AT, 4* 


ARRIVE  AT  GEO,  UW4T  TYPE  OF  CARGO? 
(MISC) 

MI  SC  CARGO 

GEO  UNLOADING  DOCK  ONE 

Flag  the  ship  as  unloaded 
UNLOAD  the  SHIP 

SHIP  IS  UNLOADED  OF  MISC  CARGO 

(SSPS) 

SSPS  PARTS 

GEO  UNLOADING  DOCK  TWO 
FLAG  THE  SHIP  AS  UNLOADED 
UNLOAD  THE  SHIP  OF  SSPS  PARTS 
SEPARATE  CARGO  FROM  SHIP 

SPSS  PARTS  STORAGE 
PUT  TOGETHER  SSPS  PARTS 
BUILD  A  COMPLETE  SSPS 

KEEP  TRACK  OF  NEW  SSPS'S 

SHIP  NEEDS  SERVICING 

GEO  SERVICE  FACILITY 
SERVICE  THE  SHIP 

WILL  THE  SHIP  BE  LOADED  OR  UNLOADED? 
(GET  PROBABILITIES) 

(LOADED) 

SHIP  NEEDS  TO  BE  LOADED 

GEO  LOADING  DOCK 
FLAG  THE  SHIP  AS  LOADED 
LOAD  THE  SHIP 
(UNLOADED) 

WlAT  IS  THE  SHIP'S  DESTINATION 
(UNLOADED)? 

(GET  PROBABILITIES) 

(L4) 

SEND  SHIP  TO  L4  UNLOADED 
(L2) 

SEND  SHIP  TO  L2  UNLOADED 
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<V  . 


STA , 37/GEO-D-L? , 1 , 1 , P , B* 

4 

VAS,37,9,UF,44» 

ACT, 37, 38, UF, 6,,, 5* 

STA, 38/GEO-LEO, 

Aa,3e,l  ,AT,4« 

ACT, 37, 39, UF, 7, , ,6* 
STA,39/6E0-L5,1  ,1  ,D,B* 
ACT,39,117,AT,4* 

ACT, 37, 40, UF, 8, , ,7* 
STA,40/GEO-LLO,1,1,D,B* 
ACT, 40, 42, AT, 4* 

ACT, 37, 41 ,UF,9, , ,8* 
STA,41/GE0-L4,1  ,1 ,D,B* 
ACT, 41 ,83, AT, 4* 

» 

* 

» 


WHAT  IS  THE  SHIP'S  DESTINATION 
(LOADED)? 

(GET  PROBABILITIES) 

(LEO) 

GEO  TO  LEO 
(L5) 

GEO  TO  L5 
<LLO) 

GEO  TO  LLO 
(L4) 

GEO  TO  L4 
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«  LOU  Llf'MR  ORBIT  (LLO> 

* 

*  ON  THE  MOON  THERE  ARE  FACILITIES  TO  LAUNCH  REUSABLE  LUNAR  LAUNCH 

*  VEHICLES  <LLV)  INTO  LOU  LUr>fc!»R  ORBIT  WHERE  THEY  CAN  DOCK  TO  A 

»  SPACE  STATION.  IT  IS  ASSUMED  THAT  THE  LLV  rti>S  THE  SAME  CAPACITY 

*  AS  INTER-ORBIT  SHUTTLE.  IF  THIS  IS  NOT  TRUE,  IT  CFN  BE  ASSUMED 

*  THAT  MULTIPLE  <OR  FRACTIOmL)  LAUNCHES  C<W  EQUAL  ONE  PROPOSED  LLV 

*  LAUNCH  OR  THE  lOS  LEAVES  LLO  ONLY  PARTIALLY  LOADED. 

« 

*  IN  LOW  LUT'WR  ORBIT  THERE  IS  A  LUNAR  SPACE  STATION  (LSS)  WHERE 

*  CARGO  TO  ^D  FROM  THE  MOON  IS  TEMPORARILY  STORED  UNTIL  THERE  IS 

*  A  SPACESHIP  TO  TRANSPORT  THE  CARGO  TO  ITS  DESTINATION.  THE  LSS 

*  ALSO  HAS  THE  FACILITIES  TO  UNLOAD.  SERVICE  (MINIMUM).  fiHH  LOAD 


*  INTER-ORBIT  SHUTTLES. 

« 

» 

STA,42/ARR-LL0,1 ,1 ,D,B* 

ACT, 42, 43, CO, 0» 

QUE , 43/UNLODOCK , 0 , , D , F» 
VAS,43,2,CO,0* 

ACT , 43 , 44 , UN , 1 3 , 9/UNLO-LLO , 1 ♦ 
STA , 44/SHI P-UNLO , 1 , 1 , D , B* 

ACT, 44, 45, CO, 0* 

QUE , 45/SERV-FAC , 0 , , D , F* 
ACT,45,46,UN,14,10/SE^-LLO,l* 
STA,4A/G0-L2?,1,1,P,B* 
VAS,46,9,UF,45* 

ACT, 46, 47, CO, 0, ,, 5*  . 

STA , 47/LO-SHI P , 1 , 1 , D , B* 

ACT, 47, 48, CO, 0« 

QUE, 48/SHI PS-LLO, 0, ,D,F, , , ,58* 
VAS,4e,2,C0,l* 

ACT, 46, 49, CO, 0, , ,6* 

STA , 49/LO-UNLO? , 1 , 1 , P , B* 
VAS,49,9,UF,46* 

ACT,49,50,C0,0, ,D]BH  H  HHHH  H 
STA , 50/L0AD-SHI P , I , 1 , D , B» 

ACT, 50, 51 ,C0,0* 
QUE,51/LOADOOC2,0, ,D,F« 
VAS,51,2,C0,1* 

ACT, 51 ,52,UN,I6,12/L0AD2-LL0,1* 
STA , 52/L2-L0AD , 1 , 1 , D , B* 
VAS,52,9,UF,16* 

ACT, 52, 64, AT, 4* 

ACT, 49, 53, UF, 17, , ,6* 

STA , 53/L2-UNL0 , 1 , 1 , D , B* 

ACT, 53, 64, AT, 4* 

STA , 54/LLV-LAUN , 1 , 1 , D , B* 

ACT, 54, 54, UN, 11* 

ACT, 54, 55, CO, 0* 

STA , 55/PRE-CARGO , 1 , 1 , D , B* 

ACT, 55, 56, UN, 12* 

STA , 56/CARGO-PRE , 1 , 1 , D , B» 

ACT, 56, 57, CO, 0* 


ARRIVE  AT  LLO  LOADED  WITH  CARGO 

LLO  UNLOADING  DOCK 
FLAG  THE  SHIP  AS  UNLOADED 
UNLOAD  THE  SHIP 
SHIP  IS  UNLOADED 

LLO  SERVICE  FACILITY 
SERVICE  THE  SHIP 
WILL  THE  SHIP  60  TO  L2? 

(GET  PROBABILITIES) 

(DO  NOT  GO  TO  L2) 

SHIP  NEEDS  TO  BE  LOADED 

SHIPS  WAITING  TO  BE  LOADED 
FLAG  THE  SHIP  AS  LOADED 
(60  TO  L2) 

WILL  THE  SHIP  BE  LOADED  OR  UNLOADED? 
(GET  PROBABILITIES) 

(GO  TO  L2  LOADED) 

LOAD  THE  SHIP  WITH  MI  SC  CARGO  FOR  L2 

LLO  LOADING  DOCK  TWO 
FLAG  THE  SHIP  AS  LOADED 
LOAD  THE  SHIP 

SEND  THE  SHIP  TO  L2  LOADED 
(L2) 

(60  TO  L2  UNLOADED) 

SEND  THE  SHIP  TO  L2  UNLOADED 
(L2) 

LUr«^R  LAUNCH  VEHICLE  (LLV)  LAUNCHES 
TIME  BETWEEN  LLV  LAUNCHES 

COLLECT  ALL  THE  LLV  CARGOS 
PREPARE  THE  NEXT  SHIP'S  CARGO 
CARGO  IS  PREPARED 


QUE , 57/CARGO-LLO , 0 , , D , F , , , , 58* 
SEL,5&/LClADD0Cl  ,ASK,  ,B/1  ,  ,48,57# 
ACT,5S,59,UN,15,11/L0AD1-LL0,1* 
STA , 59/LLO-DES? , 1 , 1 , P , B« 
WS,59,9,UF,47* 

ACT, 59, 60, UF, 12, , .5* 

STA , 60/LLO-L5 , 1 , 1 , D , B» 
ACT,60,117,AT,4» 

ACT, 59, 61 ,UF,13, , ,6* 
STA,61/LL0-L4,1,1,D,B* 

ACT, 61 ,83, AT, 4* 
ACT,59,62,UF,14,,,7* 

STA , 62/LLO-LEO , 1 , 1 , D , B* 

ACT,62,1 ,AT,4» 

ACT, 59, 63, UF, 15, , ,8* 

STA , 63/LLO-GEO , 1 , 1 , D , B« 

ACT, 63, 19, AT, 4* 


STORE  THE  SHIP'S  CARGO 
LLO  LCrtDlNG  DOCK 
LOAD  THE  SHIP 

Wrt^T  IS  THE  SHIP'S  DESTI^4^^TION? 
(GET  PROBABILITIES) 

<L5) 

LLO  TO  L5 
<L4) 

LLO  TO  L4 
(LEO) 

LLO  TO  LEO 


(GEO) 

LLO  TO  GEO 


*  UNSTABLE  LAGRANGIAN  POINT  TWO  (L2) 

»  AT  THE  UNSTABLE  LAGRANGIAN  POINT  TWO  THERE  IS  A  MASS  CATCHER  TO 

*  CAPTURE  PACKETS  OF  LUhWR  ORE  THAT  IS  SENT  UP  TO  L2  FROM  THE  LUNAR 

*  SURFACE  BY  A  MASS  DRIVER.  SINCE  THE  hWSS  DRIVER  COULD  ‘LAUNCH’ 

*  20  KG.  PACKETS  EVERY  SECOND,  THE  MODEL  WAS  MODIFIED  TO  IWE  THE 

»  'PACKETS*  BE  EQUAL  IN  MASS  TO  THE  MiiXlMUM  CAPACITY  (METRIC  TONS)  OF 

*  AN  INTER-ORBIT  SHUTTLE  SO  AS  TO  NOT  OVERLY  COMPLICATE  THE  MODEL. 

* 

«  THERE  IS  ALSO  A  SMALL  SPACE  STATION  AT  L2  TO  PROVIDE  FACILITIES 

*  FOR  A  CREW  OF  WORKERS  WHO  PREPARE  THE  LUNAR  ORE  FOR  SHIPMENT  TO 

*  L5.  WHILE  EMPTY  INTER-ORBIT  SHUTTLES  CAN  COME  FROM  SEVERAL 

*  LOCATIONS  AND  INTER-ORBIT  SHUTTLES  THAT  ARE  LOADED  WITH  LUhWR 

»  ORE  CAN  BO  TO  L5,  ALL  OTHER  INTER-ORBIT  SHUTTLES  MUST  GO  THROUGH 

*  LLO.  THE  SPACE  STATION  ALSO  HAS  THE  FACILITIES  TO  UNLOAD.  SERVICE 


*  (MINIMUM),  AND  LOAD  INTER-ORBIT 

* 

* 

STA , 64/LO-UNLO? , 1 , 1 , A , B* 

* 

ACT ,  64 , 65 ,  CO ,  0 , , , ,  A2 .  GT .  0^^ 

STA , 65/LOADED , 1 , 1 , D , B* 

ACT, 65, 66, CO, 0* 

QUE,66/UNLODOCK,0, ,D,F» 
VAS,66,2,CO,0* 

ACT,66,67,UN,19,13/UNL0-L2,1* 

STA , 67/SHl P-UNLO , 1 , 1 , D , B* 

ACT, 67, 69, CO, 0* 
ACT,64,68,CO,0,,,,A2.LE.O* 

STA , 68/UNLOADED , 1 , 1 , D , B* 

ACT, 68, 69, CO, 0» 

STA,69/SERV-SHIP,1 ,1 ,D,B» 

ACT, 69, 70, CO, 0* 

QUE,70/SERV-FAC,0, ,D,F« 

ACT , 70 , 71 , UN , 20 , 1 4/SERV-L2 , 1  * 
STA,71/CARG0?,1 ,1 ,P,B» 

VAS,71 ,9,UF,48* 

ACT, 71 ,72,CO,0,,,5» 

STA, 72/ORE, 1,1,D,B* 

ACT, 72, 73, CO, 0* 

QUE,73/SH1PS-L2,0, ,D,F, , , ,81* 
VAS,73,2,C0,1,3,C0,1* 

ACT, 71 ,74,CO,0, ,,6* 
STA,74/MISC,1,1,D,B* 

ACT, 74, 75, CO, 0* 

QUE , 75/L0ADD0C2 , 0 , , D , F« 
VAS,75,2,C0,1* 

« 

ACT , 75 , 76 , UN , 22 , 1 6/L0AD2-L2 , 1  * 

STA , 76/BO-TO-LLO , 1 , 1 , D , B* 
VAS,76,9,UF,19« 

ACT, 76, 42, AT, 4* 

STA , 77/MASS-DRIVER , 1 , 1 , D , B* 

ACT, 77, 77, UN, 17* 


SHUHLES. 


ARRIVE  AT  L2,  IS  SHIP 
LOADED/UNLOADED? 

(LOADED) 

SHIP  IS  LOADED  WITH  CARGO 

L2  UNLOADING  DOCK 

FLAG  THE  SHIP  AS  UNLOADED 

UNLOAD  THE  SHIP 

SHIP  IS  UNLOADED  OF  MI SC  CARGO 

(UNLOADED) 

SHIP  ARRIVES  AT  L2  UNLOADED 

SHIP  NEEDS  SERVICING 

L2  SERVICE  FACILITY 
SERVICE  THE  SHIP 
WhWT  TYPE  OF  CARGO? 

(GET  PROBABILITIES) 

(ORE) 

THE  CARGO  IS  LUhb^R  ORE 

SHIPS  WAITING  TO  BE  LCADED 

FLAG  THE  SHIP  AS  LOADED  WITH  ORE 

(MISC) 

MI SC  CARGO 

L2  LOADING  DOCK  TWO 

FLAG  THE  SHIP  AS  LOADED  WITH  MISC 

CARGO 

LOAD  THE  SHIP 

SEND  MISC  CARGO  TO  LLO 

(LLO) 

mss  DRIVER 

TIME  BETWEEN  ■LAUNCHES'  FROM  THE  MOON 


k; 


A 


i 


ACT, 77, 78, CO, 0* 

STA , 78/rViSS-CATCHER , 1 , 1 , D , B* 

* 

ACT, 78. 79, UN, 18* 

STA , 79/CARGO-PRE , 1 , 1 , D , B* 

ACT, 79, 80 , CO, 0* 
QUE,80/CARGO-L2,0, ,D,F, , , ,81* 
SEL,81/L0ADD0C1 ,ASM, ,8/1 , ,73,80* 
ACT, 81 ,82,UN,21 ,15/L0AD1-L2,1* 
STA , 82/G0-T0-L5 , 1 , 1 , D , B* 
VAS,82,9,UF,18* 

ACT, 82, 117, AT, 4* 

* 

* 

* 


MASS  CATCHER,  COLLECT  ALL  THE 
MATERIAL 

PREPARE  THE  NEXT  SHIP'S  CARGO 
CARGO  IS  PREPARED 

STORE  THE  SHIP'S  CARGO  (ORE) 

L2  LOADING  DOCK  ONE 

LOAD  THE  SHIP 

SB'ID  L'JNAR  MATERIAL  TO  L5 

(L5) 


e 


♦  STABLE  LAGiWWGKV^  POINT  FOUR  (L4) 

* 

»  AT  THE  STABLE  LAGRANGI#^^  POIhfT  FOUR  THERE  IS  A  LARGE  SPACE  COLONY 

*  (APPROXIMATE  POPULATION  =  10,000  PEOPLE).  THE  MAIN  ACTIVITIES  FOR 

*  THE  SPACE  COLONY'S  POPULATION  IS  TO  TRANSFORM  RAW  hWTERIALS  FROM 

*  L5  INTO  MORE  SPACE  COLONIES  AT  L4  AND  SSPS  PARTS  FOR  CONSTRUCTION 

*  OF  SSPS' 3  AT  GEO.  THE  SPACE  COLONY  ALSO  I*^S  THE  FACILITIES  TO 

*  UNLOAD,  SERVICE  (MINIMUM).  AND  LOAD  INTER-ORBIT  SHUTTLES. 


* 

STA , 83/LO-UNLO? , 1 , 1 , A , B* 

« 

ACT,83,84,CO,0, , ,,A2.LE.0« 

STA , 84/UNLOADED , 1 , 1 , D , B* 

ACT, 84, 92, CO, 0* 

ACT, 83. 85, CO, 0, , , ,A2.GT.O* 

STA , 85/CARGO? , 1 , 1 , A , B* 

ACT, 85, 86, CO, 0, , , ,A3.LE.O* 

STA , 86/MI SC-L4 , 1 , 1 , D , B* 

ACT, 86, 87, CO, 0» 

QUE,87/UNL0D0C1 ,0, ,D,F* 
VAS,87,2,CO,0* 

ACT,87,8e,UN,25,17/UNLl-L4,l* 

STA , 88/SHI P-UNLO , 1 , 1 , 0 , B* 

ACT, 88, 92, CO, 0* 

ACT, 85, 89, CO, 0, , , ,A3.GT.O* 
STA,89/RAW-L4,1 ,1,D,B* 

ACT, 89, 90, CO, 0* 

QUE , 90/UNLODOC2 , 0 , , D , F» 
VAS,90,2,CO,0,3,CO,0* 

ACT, 90, 91 ,UN,26,18/UNL2-L4,1* 

STA ,  9 1 /SEPAIViTE ,  1 , 1 ,  D ,  B» 

ACT, 91 ,92,CO,0* 

STA , 92/SERV-SHI P , 1 , 1 , D , B* 

ACT, 92, 93, CO, 0» 

QUE , 93/SERV-FAC , 0 , , D , F» 
ACT,93,103,UN,27,19/SERV-L4,1* 
ACT, 91 ,94,C0,0* 

STA , 94/WHERE? , 1 , 1 , P , B* 

VAS,94,1 ,CO,0,9,UF,49* 

ACT, 94, 95, CO, 0,,, 5* 

STA,95/SSPS,1 ,1 ,D,B* 

ACT, 95, 96, CO, 0* 

QUE , 96/SSPS-STOR , 0 , , D , F* 

ACT , 96 , 97 , UN , 23 , 21/BUI LD-SSPS , I * 
STA , 97/SSPS-BUI LD ,  1 , 1 , D , B* 

ACT, 97, 98, CO, 0* 

QUE , 98/CAR60-L4 ,0,,D,F,,,,110» 
ACT, 94, 99, CO, 0,,, 6* 

STA , 99/L4-COLONY , 1 , 1 , D , B» 

* 

ACT, 99, 100, CO, 0* 

QUE , 1 OO/COL-STOR , 0 , , D , F* 

ACT, 100, 101, UN, 24, 22/BUILD-COL, 1* 


ARRIVE  AT  L4,  IS  SHIP 
LOADED/UNLOADED? 

(UNLOADED) 

SHIP  ARRIVES  AT  L4  UNLOADED 
(LOADED) 

WHAT  TYPE  OF  CARGO? 

(MISC) 

MI  SC  CARGO 

L4  UNLOADING  DOCK  ONE 
FLAG  THE  SHIP  AS  UNLOADED 
UNLOAD  THE  SHIP 

SHIP  IS  UNLOADED  OF  MISC  CARGO 

(RAW  MATERIALS) 

THE  CARGO  IS  RAW  mTERIALS 

L4  UNLOADING  DOCK  TWO 
FLAG  THE  SHIP  AS  UNLOADED 
UNLOAD  THE  SHIP  OF  RAW  MATERIALS 
SEPARATE  CARGO  FROM  SHIP 

SHIP  NEEDS  SERVICING 

L4  SERVICE  FACILITY 
SERVICE  THE  SHIP 

WHERE  WILL  RAW  MATERIALS  BE  USED? 
(GET  PROBABILITIES) 

(SSPS) 

USE  RAW  l^^TERIALS  FOR  SSPS 

RAW  mTERIALS  STORAGE  FOR  SSPS 
PUT  TOGETHER  SSPS  PARTS 
FINISHED  SSPS  PARTS 

STORE  THE  SHIP'S  CARGO  (SSPS  PARTS) 
(L4  COLONIES) 

USE  1^  rV)TERIALS  FOR  COLONIES  AT 
L4 

RAW  mTERIALS  STORAGE  FOR  COLONIES 
PUT  TOGETHER  COLONY  PARTS 


BUILD  A  COMPLETE  COLONY 


STA , 1 0 1/COL-BUI LD , 500 , 500 , 0 , B* 

ACT, 101, 102, UF, 37* 

STA, 1 02/NEW-COLONY , 1 , 1 , D, B* 

STA , 1 03/LO-UNLO? , 1 , 1 , P , B* 

VAS,103,9,UF,50* 

ACT,103,104,UF,24,,,5* 

STA , 1 04/GO-TO-L2 , 1 , 1 , D , B* 
ACT,104,64,AT,4* 

ACT, 103, 105, CO, 0, , ,6* 

STA , 1 05/ CARGO? , 1 , 1 , P , B* 
UAS,105,9,UF,51* 
ACT,105,106,CO,0,,,5* 
STA,106/M1SC,1 ,1 ,D,B* 

ACT, 106, 107, CO, 0* 

QUE,107/LOADDOC1 ,0, ,D,F» 
VAS,107,2,CO,1» 

« 

ACT,107,112,UN,28,20/LOAD1-L4,1» 
ACT, 105, 108, CO, 0, , ,6* 
STA,108/SSPS,1,1 ,D,B* 

ACT, 108, 109, CO, 0* 
QUE,109/SH1PS-L4,0, ,D,F, , , ,110* 
VAS,109,2,CO,1 ,3,C0,1* 

« 

SEL,110/L0ADD0C2,ASM, ,B/1 , ,98,109* 
ACT,nO,lll  ,UN,29,23/L0AD2-L4,1* 
STA , 1 1 1/GO-TO-GEO , 1 , 1 , D , B* 
VAS,111,9,UF,25* 

ACT, 111, 19, AT, 4* 

STA , 11 2/L4-DEST? , 1 , 1 , P , B* 
WS.112,9,UF,52* 

ACT, 112, 113, UF, 20, , ,5* 
STA,113/L4-LL0,1,1,D,B* 

ACT, 113, 42, AT, 4* 
ACT,112,114,UF,21,,,6* 
STA,114/L4-L5,1,1,0,B* 
ACT,114,117,AT,4* 

ACT, 112, 115, UF, 22, , ,7* 
STA,115/L4-LE0,i ,1 ,D,B* 

ACT, 115, 1 , AT, 4* 

ACT, 112, 116, UF, 23, , ,8* 
STA,116/L4-GE0,1 ,1 ,D,B* 
ACT,116,19,AT,4* 


KEEP  TRACK  OF  NEW  COLCNIES 

WILL  THE  SHIP  BE  LOADED  OR  UNLOADED? 

<BET  PROBABILITIES) 

(UNLOADED) 

SEND  THE  SHIP  TO  L2  UNLOADED 
(L2) 

(LOADED) 

WHAT  TYPE  OF  CARGO? 

(GET  PROBABILITIES) 

(MISC) 

MI SC  CARGO 

L4  LOADING  DOCK  CNE 

FLAG  THE  SHIP  AS  LOADED  WITH  MISC 

CARGO 

LOAD  THE  SHIP 
<SSPS  PARTS) 

THE  CARGO  IS  SSPS  PARTS 

SHIPS  WAITING  TO  BE  LOADED 

FLAG  THE  SHIP  AS  LOADED  WITH  SSPS 

PARTS 

L4  LOADING  DOCK  TWO 

LOAD  THE  SHIP 

SEND  SSPS  PARTS  TO  GEO 

(GEO) 

W1*^T  IS  THE  SHIP'S  DESTINATION? 

(GET  PROBABILITIES) 

(LLO) 

L4  TO  LLO 

(L5) 

L4  TO  L5 

(LEO) 

L4  TO  LEO 

(GEO) 

L4  TO  GEO 


«  STABLE  LAGRMMGI^  POINT  FIL*E  <L5) 

• 

«  AT  THE  STABLE  LAGRPNGl^  POINT  FIVE  THERE  IS  A  LARGE  SPACE  COLONY 

*  (APPROXIMATE  POPULATION  =  10,000  PEOPLE).  THE  W^IN  ACTIVITIES  FOR 
»  THE  SPACE  COLONY'S  POPULATION  IS  TO  TRANSFORM  ASTEROIDAL  ORE 

*  LUr^R  ORE  INTO  'PURE*  METALS  AND  NON-METALS.  THE  PROCESSED  RAW 

«  mTERIALS  AND  SLAG  WILL  BE  USED  TO  BUILD  MORE  SPACE  COLONIES  AT  L5, 

*  TO  BUILD  MORE  SPACE  COLONIES  AT  L4,  TO  BUILD  SSPS  PARTS  AT  L4  FOR 
«  CONSTRUCTION  OF  SSPS'S  AT  GEO,  AND  AS  FUEL  FOR  THE  INTER-ORBIT 

*  SHUTTLES  <WD  INTER-PUWETARY  SPACE  VEHICLES  (IPSV).  THE  IPSV,  A 

*  mSS-DRIVER  POWERED  SPACE  VEHICLE,  RETRIEVE  ASTEROIDS  EITHER  FROM 

*  THE  COLLECTION  OF  EARTH  ORBIT  CROSSING  ASTEROIDS  OR  FROM  THE  ASTEROID 

*  BELT.  THE  SPACE  COLONY  ALSO  mS  THE  FACILITIES  TO  UNLOAD,  SERVICE 
»  (NORMAL  AND  tMJOR  REPAIRS),  fUD  LOAD  INTER-ORBIT  SHUTTLES.  THE 

*  FACILITIES  TO  UNLOAD,  SERVICE,  AND  LOAD  INTER-PLANETARY  SPACE 

*  VEHICLES  ARE  ALSO  AT  L5  BUT  ARE  NOT  INCORPORATED  INTO  THE  MODEL. 


STA,117/CAR60?,1 ,1 ,A,B« 
ACT,117,118,CO,0,,, ,A3.LE.O* 
STA,118/MISC-L5,1 ,1 ,D,B« 

ACT, 118, 119, CO, 0* 

QUE , 1 1 9/UNLODOCl , 0 , , D , F» 
LWS,119,2,CO,0» 

ACT,119,120,UN,35,24/UNL1-L5,1» 
STA , 1 20/SHI P-UNLO , 1 , 1 , D , 8* 

ACT, 120, 124, CO, 0* 

ACT,117,121,CO,0,,,,A3.GT.O* 

STA,121/0RE-L5,1,1,D,B« 

ACT, 121, 122, CO, 0* 

QUE , 1 22/UNL0D0C2 , 0 , , D , F* 
VAS,122,2,CO,0,3,CO,0« 

ACT , 1 22 , 1 23 , UN , 36 , 25/UNL2-L5 , 1 » 
STA , 1 23/SEPARATE , 1 , 1 , D , B» 

ACT, 123, 124, CO, 0* 

STAjl 24/OLD?,! ,1 ,A,B* 
VAS,124,9,UF,35* 

ACT, 1 24, 125, UF, 34, , , ,A10.GT.0* 
STA , 1 25/SHI P-OLD , 1 , 1 , D , B* 

ACT, 124, 126, CO, 0, , , ,A10.LE.0* 

STA , 1 26/REPAI RS? , 1 , 1 , P , B* 
VAS,126,9,UF,53* 

ACT, 126,127,00,0,,, 5* 

STA , 1 27/NORMAL , 1 , 1 , D , B» 

ACT, 127,128,00,0* 

QUE , 1 28/SER-FACl , 0 , , D , F» 
ACT,128,129,UN,37,26/SERV1-L5,1» 
STA,129/SHIP-SE1 ,1 ,1 ,D,B» 

ACT, 129,155,00,0* 

ACT, 126, 130, CO, 0, , ,6* 

STA , 1 30/OAMAGE? , 1 , 1 , P , 8* 

« 

VAS,130,9,UF,54* 

ACT, 130, 131 ,UF,32. ,  ,5* 


ARRIVE  AT  L5,  WW>T  TYPE  OF  CARGO? 
(MISC) 

MI  SC  CARGO 

L5  UNLOADING  DOCK  ONE 
FLAG  THE  SHIP  AS  UNLOADED 
UNLOAD  THE  SHIP 

SHIP  IS  UNLOADED  OF  MISC  CARGO 
(ORE) 

THE  CARGO  IS  LUhb^R  ORE 

L5  UNLOADING  DOCK  TWO 
FLAG  THE  SHIP  AS  UNLOADED 
UNLOAD  THE  SHIP  OF  LUhWR  ORE 
SEPARATE  CARGO  FROM  SHIP 

IS  THE  SHIP'S  SERVICE  LIFE  OVER? 

UPDATE  TIME  IN  SERVICE 

(OLD) 

SHIP'S  SERVICE  LIFE  IS  OVER 
(NOT  OLD) 

DOES  THE  SHIP  NEED  hWJOR  REPAIRS? 
(GET  PROBABILITIES) 

(NORMAL) 

SHIP  NEE'’  ■  NORmL  SERVICING 

L5  SERVICE  FACILITY  CNE 
SERVICE  THE  SHIP 
SHIP  IS  SERVICED 

<mJ0R) 

SHIP  NEEDS  MAJOR  REPAIRS. 

IS  THE  SHIP  REPAIRABLE? 

(GET  PROBABILITIES) 

(REPAIRABLE) 
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I 


STA , 1 31/FIXABLE , 1 , 1 , D , B» 

» 

ACT, 131, 132, CO, 0« 

QUE , 1 32/SER-FAC2 , 0 , , D , F» 

ACT , 1 32 , 1 33 , UN , 38 , 27/SERV2-L5 , 1 * 
STA , 1 33/SHI P-SE2 , 1 , 1 , D , B* 

ACT, 133, 155, CO, 0* 

ACT, 130, 134, UF, 33, , ,6* 
STA,134/RETIRE,1 ,1 ,D,B* 

« 

ACT, 123, 135, CO, 0* 

QUE , 1 35/PROCESSl , 0 , , D , F* 

* 

ACT ,  1 35 , 1 3<S ,  UN ,  32 , 28/PROCl -L5 , 1  * 

* 

STA ,  1 3<&/LUr^R-0RE ,  1 , 1  ,  D ,  B» 

ACT, 136, 146, CO, 0« 

STA , 1 37/ASTEROI D , 1 , 1 , D , B» 
LWS,137,1,UF,39,2,CO,0* 

ACT, 137, 137, UN, 30* 

ACT, 137, 138, CO, 0* 

QUE , 1 38/ASTER-STO ,0,,D,F,,,,141» 
STA , 1 39/FREE-MINER , 1 , 1 , D , B* 

« 

UAS, 139,1, CO, 0,2, CO, 0* 

ACT, 139, 140, CO, 0* 

QUE, 1 40/MINER, 1, 1, D,F,,,, 141* 

» 

« 

* 

SEL, 141 /ASTER-MINER, ASM, ,8/1 ,,138 
ACT , 1 41 , 1 42 ,  UN , 31 , 29/MINE-L5 , 1  * 
STA,1 42/FINISH?,! ,1 ,A,B* 
WS,142,2,UF,59* 

« 

ACT, 142, 142, UN, 31 ,, , ,A2.LE.A1* 
ACT,142,139,CO,0, , , ,A2.6T.A1» 

ACT, 142, 143, CO, 0, , , ,A2.GE.l* 

* 

STA,143/MINED-0RE,1 ,1 ,0,8* 

* 

ACT, 143, 144, CO, 0* 

QUE , 1 44/PR0CESS2 , 0 , , D , F* 

« 

ACT , 1 44 , 1 45 , UN , 33 , 30/PROC2-L5 , 1  * 

* 

STA , 1 45/ASTER-ORE , 1 , 1 , D , B* 

ACT, 145, 146, CO, 0* 

STA ,  1 46/aJHERE-HCW? ,  1  , 1  ,  P ,  B« 

» 

UAS,146,1 ,CO,0,9,UF.56* 

ACT, 146, 147, CO, 0, , ,5* 
STA,147/SLAS,1 ,1 ,D,B* 

* 


SHIP  NEEDS  mJOR  REPAIRS  BUT  IS 
REPAIRABLE 

L5  SERVICE  FACILITY  TWO 
SERVICE  THE  SHIP 
SHIP  IS  SERVICED 

<NOT  REPAIRABLE) 

RETIRE  THE  SHIP  FROM  SERVICE  DUE  TO 
D(^6E 

L5  PROCESSING  PLANT  ONE 
<LUvMR  ORE) 

PROCESS  THE  Llf^R  ORE  INTO  ’PURE* 
METALS  <WD  NON-METALS 
LUh^^R  ORE  IS  PROCESSED 

f*i  ASTEROID  ARRIVES  AT  L5 
GET  THE  tV^SS  OF  THE  ASTEROID 
GO  GET  NEXT  ASTEROID 

ASTEROID  STORAGE  FACILITY 
FREE  THE  ASTEROID  MINER  SO  Trt=kT  IT 
CFW  BE  USED  04  THE  NEXT  ASTEROID 
FLAG  THE  MINER  AS  FREE 

THERE  IS  ONE  /^D  ONLY  ONE  ASTEROID 
MINER  WHICH  IS  ASSIGNED  TO  m 
ASTEROID  ONLY  WHEN  THE  PREVIOUS 
ASTEROID  HAS  BEEN  COMPLETELY  MINED 
140*  ASTEROID  MINING  FACILITY 
START  MINING  THE  ASTEROID 
WWE  WE  FINISHED  MINING  THE  ASTEROID? 
INCREMENT  A  COUNTER  WHICH  DETERMINES 
IF  AN  ASTEROID  IS  COMPLETELY  MINED 
(NO,  CONTINUE  MINING) 

(YES,  FREE  MINER) 

TRANSFER  MINED  ASTEROIDAL  ORE  TO 
PROCESSING  PLFWT 

MINED  ASTEROIDAL  ORE  IS  READY  TO  BE 
PROCESSED 

L5  PROCESSING  PL/WT  TWO 
(ASTEROIDAL  ORE) 

PROCESS  THE  ASTEROIDAL  ORE  INTO 
•PURE*  METALS  AND  NON-METALS 
ASTEROIDAL  ORE  IS  PROCESSED 

WHERE/HOU  WILL  THE  RAW  MATERIALS  BE 
USED? 

(GET  PROBABILITIES) 

(SLAG) 

THE  WASTE  PRODUCTS  OR  SLAG  FROM  THE 
PROCESSING  OF  LUNAR  f^D  mSTEROIDAL 
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« 

« 

• 

ACT,146,148,CO,0,,,<&« 

STA , 1 48/L5-C0L0NY , 1 , 1 , D , B* 

« 

ACT, 148, 149, CO, 0* 

QUE , 1 49/COL-STOR , 0 , , D , F* 
ACT,149,150,UN,34,31/BU1LD-COL,1* 
STA, 150/COL-BUILD, 500, 500, D,B* 
ACT, 150, 151, UF, 38* 

STA , 1 51/NEU-COLONY , 1 , 1 , 0 , B* 

ACT, 146, 152, CO, 0, , ,7* 

STA , 1 52/L4-RAW , 1 , 1 , D , B* 

* 

ACT, 152, 153, US, 1* 
QUE,153/CARGO-L5,0, ,D,F, , , ,161* 

« 

STA , 1 54/GENERATE , 1 , 1 , A , B* 

* 

VAS,154,9,US,2* 

ACT,154,154,C0,0, , , ,A1 .LT.5* 

ACT, 154, 155, CO, 0, , , ,A1 .LE.5* 

STA , 1 55/LO-UNLO? , 1 , 1 , P , B* 
VAS,155,9,UF,55* 
ACT,155,156,UF,30, , ,5* 

STA , 1 56/G0-T0-L2 , 1 , 1 , D , B* 

ACT, 156, 64, AT, 4* 

STA , 1 57/NEW-SHI P , 1 , 1 , D , B* 

* 

» 

* 

« 

* 

* 

ACT , 1 55 , 1 58 , CO , 0 , , , 6* 

ACT, 157, 159, CO, 0* 

STA,158/CAR60?,1 ,1 ,P,B* 
VAS,158,9,UF,57* 

ACT, 1 58, 159, CO, 0 , , ,5* 
STA,159/RAU,1 ,1 ,D,B* 

ACT, 159, 160, CO, 0* 
QUE,i60/SHIPS-L5,0, ,D,F, , ,,161* 
^¥^8,160,2,00,1 ,3,  CO,  1* 

« 

SEL , 1 61/LOADDOCl , ASM , , B/1 , , 1 53 , 1 
ACT , 1 61 , 1 62 , UN , 39 , 32/LOADl -L5 , 1  * 
STA ,  1 62/G0-T0-L4 , 1 , 1 , D , B* 
UAS,162,?,UF,31* 

ACT,162,83,AT,4* 

ACT, 158,163,00,0,, ,6* 
STA,163/MISC. 1 ,1 ,0,B* 

ACT, 163, 164, CO, 0* 


ORE  COULD  BE  USED  AS  FUEL  FOR  THE 
IV^SS  DRIVER  PROPELLED  SPACE  VEHICLES 
WHICH  RETRIEVE  ASTEROIDS. 

<L5  COLONIES) 

USE  THE  RAW  W>TERIALS  FOR  COLONIES  AT 
L5 

RAW  MATERIALS  STORAGE  FOR  COLONIES 
PUT  TOGETHER  COLONY  PARTS 
BUILD  A  COMPLETE  COLONY 

KEEP  TRACK  OF  NEW  COLONIES 
<L4  COLONIES  AND  SSPS  PARTS) 

SEND  THE  RAW  hWTERIALS  TO  L4  TO  BE 
USED  FOR  COLONIES  AND  SSPS  PARTS 
<IS  A  NEW  SHIP  NEEDED?) 

STORE  THE  SHIP'S  CARGO  (RAW  I^TERIALS 
FOR  L4) 

GENERATE  THE  FIRST  FIVE  INTER-ORBIT 
SHUTTLES  USED  IN  THE  MODEL. 

(INCREMENT  SHIP  NUMBER) 

GB4ERATE  SHIPS 

PUT  SHIPS  INTO  THE  NETWORK 

WILL  THE  SHIP  BE  LOADED  OR  UNLOADED? 

(GET  PROBABILITIES) 

(UNLOADED) 

SEND  THE  SHIP  TO  L2  UNLOADED 
(L2) 

NEW  SHIPS  ENTER  THE  NETWORK  AT  THIS 
NODE  BASED  ON  A  DECISION  BY  THE 
SUBROUTINE  US  T1*^T  A  SHIP  IS  NEEDED. 

A  SHIP  IS  NEEDED  WHENEVER  THE  SHIP'S 
QUEUE  (NODE  160)  IS  EMPTY  AND  A  CARGO 
IS  APPROACHING  THE  STORAGE  QUEUE 
(NODE  153)  AT  THE  L5  LOADING  DOCK 
ONE. 

(LOADED) 

WmT  TYPE  OF  CARGO? 

(GET  PROBABILITIES) 

(RAW  fWTERIALS) 

THE  CARGO  IS  RAW  MATERIALS 

SHIPS  WAITING  TO  BE  LOADED 

FLAG  THE  SHIP  AS  LOADED  WITH  RAW 

IWTERIALS 

*  L5  LOADING  DOCK  ONE 
LOAD  THE  SHIP 
SEND  RAW  mTERIALS  TO  L4 

(L4) 

(MI  SC) 

MI  SC  CARGO 


•  ?? 


QUE , 1 64/L0ADD0C2 , 0 , , D , F* 
VAS,1M,2,C0,1* 

« 

ACT , 1 64 , 1 65 , UN , 40 , 33/L0AD2-L5 , 1  * 
STA , 1 65/L5-DEST? , 1 , 1 , P , B* 
VAS,165,9,UF,58* 

ACT, 165, 166, UF, 26, , ,5* 
STA,166/L5-L4,1  ,1 ,D,B* 

ACT, 166, 83, AT, 4* 

ACT, 165, 167, UF, 27, , ,6* 

STA , 1 67/L5-LL0 , 1 , 1 , D , B* 

ACT, 167, 42, AT, 4» 

ACT, 165, 168, UF, 28,,, 7* 
STA,168/L5-LE0,1  ,1  ,D,B* 

ACT,168,1 ,AT,4» 

ACT, 165, 169, UF, 29, ,, 8* 

STA , 1 69/L5-GE0 , 1 , 1 , D , B* 

ACT, 169, 19, AT, 4* 


L5  LOADING  DOCK  TWO 

FLAG  THE  SHIP  AS  LOADED  WITH  MI  SC 

CARGO 

LOAD  THE  SHIP 

WIWT  IS  THE  SHIP'S  DESTI1¥4TI0N? 
(GET  PROBABILITIES) 

(L4) 

L5  TO  L4 

(LLO) 

L5  TO  LLO 

(LEO) 

L5  TO  LEO 

(GEO) 

L5  TO  GEO 


*  INITIALIZE  THE  Q-GERT  NETWORK. 

« 

« 

SOU,170,0,1 ,D,M* 

ACT, 170, 9, CO, 0* 

ACT, 170, 54, CO, 0* 

ACT, 170, 77, CO, 0* 

« 

ACT, 170, 137, CO, 0* 

* 

ACT, 170, 154, CO, 0* 


INITIALIZE  THE  NETWORK 
THE  ARRIVAL  OF  THE  FIRST  HLV  AT  LEO 
THE  ARRIVAL  OF  THE  FIRST  LLV  AT  LLO 
THE  ARRIVAL  OF  THE  FIRST  mSS  DRIVER 
■PACKET*  AT  L2 

THE  ARRIVAL  OF  THE  FIRST  ASTEROID 
AT  L5 

INITIALIZE  THE  ■PRODUCTION*  OF  THE 
FIRST  FIVE  INTER-ORBIT  SHUTTLES 


PARAMETER  SETS  USED  IN  THE  MODEL 


« 

* 

» 

*  TIMES  TO  ACCOMPLISH  ACTIVITIES  AT  NODES  IN  THE  NETWORK 

« 


* 

* 

* 

PAR.l , ,10.0,20.0» 
PAR,2, ,1 .0,2.0* 
PAR, 3, ,1 .0,2.0* 
PAR, 4, ,1 .0,2.0* 
PAR, 5, ,1 .0,2.0* 

» 

« 

» 

« 

PAR, 6, ,25.0,35.0* 

» 

« 

« 

PAR,?, ,1 .0,2.0* 
PAR, 8, ,1 .0,2.0* 
PAR,?, ,1 .0,2.0* 
PAR, 10, ,1.0, 2.0* 

« 

* 

* 

* 

PAR, 11, ,10. 0,20.0* 
PAR, 12, ,1 .0,2.0* 
PAR,13,,1 .0,2.0* 
PAR, 14, ,1 .0,2.0* 
PAR, 15, ,1 .0,2.0* 
PAR, 16, ,1 .0,2.0* 

» 


* 


« 

* 

PAR, 17, ,5. 0,5. 5* 
PAR, 18, ,1 .0,2.0* 
PAR,19.,1 .0,2.0* 
PAR,20, ,1 .0,2.0* 
PAR, 21 , ,1 .0,2.0* 
PAR,22,,1 .0,2.0* 
« 

* 


« 


PAR, 23, ,25.0,35.0* 

» 


« 

PAR. 24, ,7. 0,3.0* 


LOU  EARTH  ORBIT  <LEO) 

TIME  BETWEEN  HLV  LAUNCHES 
TIME  TO  PREPARE  A  CARGO 
TIME  TO  UNLOAD  A  SHIP 
TIME  TO  SERVICE  A  SHIP 
TIME  TO  LOAD  A  SHIP 


GEOSTATIONARY  EARTH  ORBIT  <6E0) 

TIME  TO  BUILD  A  FRACTION  OF  A 
SATELLITE  SOLAR  POWER  SYSTEM  (SSPS), 
I.E.,  hWSS  EQUIVILANT  TO  A  SHIP'S 
CARGO 

TIME  TO  UNLOAD  A  SHIP  -  BSPS  PARTS 
TIME  TO  UNLOAD  A  SHIP  -  MI  SC  CARGO 
TIME  TO  SERVICE  A  SHIP 
TIME  TO  LOAD  A  SHIP 


LOU  LUNAR  ORBIT  (LLO> 

TIME  BETWEEN  LUNAR  LV  LAIWCHES 

TIME  TO  PREPARE  A  CARGO 

TIME  TO  UNLOAD  A  SHIP 

TIME  TO  SERVICE  A  SHIP 

TIME  TO  LOAD  A  SHIP  -  MI  SC  CARGO 

TIME  TO  LOAD  A  SHIP  -  FOR  L2 


UNSTABLE  LA6RANGIAN  POINT  TWO  (L2) 

TIME  BETWEEN  bV»SS  DRIVER  ‘LAIWCHES* 

TIME  TO  PREPARE  A  CARGO 

TIME  TO  UNLOAD  A  SHIP 

TIME  TO  SERVICE  A  SHIP 

TIME  TO  LOAD  A  SHIP  -  LUNAR  ORE 

TIME  TO  LOAD  A  SHIP  -  Ml  SC  CARGO 


STABLE  LAGRANGIAN  POINT  FOUR  (L4) 

TIME  TO  BUILD  SSPS  PARTS, 

I.E.,  MASS  EQUIVILANT  TO  A  SHIP'S 
CARGO 

TIME  TO  BUILD  A  FRACTIO!'!  OF  A  COLONhr' , 


« 

« 

PAR, 25, ,1.0, 2.0* 
PAR,26,,1 .0,2.0* 

PAR, 2/, ,1.0, 2.0* 
PAR,28,,1 .0,2.0* 
PAR,29, ,1 .0,2.0* 

* 

* 

* 

» 

PAR, 30,, 1642. 0,2008.0* 
PAR, 31 , ,4. 0,6.0* 

* 

« 

PAR, 32, ,4. 0,6.0* 

* 

« 

PAR, 33, ,4. 0,6.0* 

« 

« 

PAR, 34, ,7. 0,8.0* 

* 

* 

PAR, 35, ,1 .0,2.0* 

PAR, 36, ,1 .0,2.0* 

PAR, 37, ,1.0, 2.0* 

PAR, 38, ,2.0,30.0* 

PAR, 39, ,1 .0,2.0* 

PAR, 40, ,1 .0,2.0* 

« 


I.E.,  MASS  EQUIVIL/WT  TO  A  SHIP'S 
CARGO 

TIME  TO  UNLOAD  A  SHIP  -  MI  SC  CARGO 
TIME  TO  UNLOAD  A  SHIP  -  RAW  MATERIALS 
TIME  TO  SERVICE  A  SHIP 
TIME  TO  LOAD  A  SHIP  -  MI  SC  CARGO 
TIME  TO  LOAD  A  SHIP  -  SSPS  PARTS 


STABLE  LAGR^^GI^W  POINT  FIVE  <L5> 

TIME  BETWEEN  ARRIVALS  OF  ASTEROIDS 
TIME  TO  TO  MINE  THE  ASTEROID, 

I.E.,  MASS  EQUIVIUWr  TO  A  SHIP'S 
CARGO 

TIME  TO  PROCESS  LUNAR  ORE, 

I.E.,  hASS  EQUIVILANT  TO  A  SHIP'S 
CARGO 

TIME  TO  PROCESS  ASTEROIDAL  ORE, 

I.E.,  KASS  EQUIVILANT  TO  A  SHIP'S 
CARGO 

TIME  TO  BUILD  A  FRACTION  OF  A  COLONY, 
I.E.,  MASS  EQUIVILANT  TO  A  SHIP'S 
CARGO 

TIME  TO  UNLOAD  A  SHIP  -  MI  SC  CARGO 
TIME  TO  UNLOAD  A  SHIP  -  LUKAR  ORE 
TIME  TO  SERVICE  A  SHIP  -  NORMAL 
TIME  TO  SERVICE  A  SHIP  -  MAJOR 
TIME  TO  LOAD  A  SHIP  -  RAW  MATERIALS 
TIME  TO  LOAD  A  SHIP  -  MI  SC  CARGO 


* 

*  TRAVEL  TIMES  BETWEEN  NODES  IN  THE  NETWORK 

* 


« 

* 

* 

PAR, 41 , ,0.2, 0.3* 

« 

PAR, 42, ,5. 0,7.0* 

* 

PAR, 43, ,5. 0,7.0* 

* 

PAR, 44, ,5. 0,7.0* 

» 

PAR, 45, ,7.5,10.5* 
« 

* 

* 

* 

* 

PAR, 46, ,0.2, 0.3* 

* 


LOU  EARTH  ORBIT 

SHUTTLE  TRAVELS 

—  LOADED 
SHUTTLE  TRAVELS 
--  LOADED 
SHUTTLE  TRAVELS 

—  LOADED 
SHUTTLE  TRAVELS 

—  LOADED 
SHUTTLE  TRAVELS 
--  UNLOADED 


(LEO) 


FROM 

LEO 

TO 

GEO 

FROM 

LEO 

TO 

L5 

FRCW 

LEO 

TO 

L4 

FROM 

LEO 

TO 

LLO 

FROM 

LEO 

TO 

L2 

GEOSTATIONARY  EARTH  ORBIT  (GEO) 


SHITTTLE  TRAVELS  FROM  GEO  TO  LEO 
—  LOADED 


PAR, 47, ,5. 0,7.0* 

» 

PAR, 48,, 5. 0,7.0* 

« 

PAR, 49, ,5. 0,7.0* 

* 

PAR, SO , ,5.0 ,7.0* 

* 

PAR, 51, ,7. 5, 10.0* 
« 


PAR, 52, ,8.0,10.0* 
» 

PAR, 53, ,8.0,10.0* 
» 

PAR, 54, ,5. 0,7.0* 

* 

PAR, 55, ,5. 0,7.0* 

* 

PAR, 56, ,2. 5, 3. 5* 

* 

PAR, 57, ,2. 5, 3. 5* 

* 


PAR, 58, ,10.5,13.5* 
« 

PAR , 59 , , 2 . 5 , 3 . 5* 

* 


PAR, 60, ,8.0,10.0* 


PAR, 61 , ,16.0,20.0* 
* 

PAR, 62, ,5. 0,7.0* 

» 

PAR, 63, ,5. 0,7.0* 

* 

PAR, 64, ,10.5,13.5* 
» 

PAR, 65, ,5. 0,7.0* 

* 


SHUTTLE  TRAVELS  FROM  GEO  TO  L5 
~  LOADED 

SHUTTLE  TROWELS  FROM  GEO  TO  LLO 
--  LOADED 

SHUTTLE  TRAVELS  FROM  GEO  TO  L4 

—  LOADED 

SHUTTLE  TRAVELS  FROM  GEO  TO  L4 
“  UNLOADED 

SHUTTLE  TRAVELS  FROM  GEO  TO  L2 

—  UNLOADED 


LOU  LUhAR  ORBIT  (LLO) 

SHUTTLE  TRAVELS  FROM  LLO  TO  L5 
--  LOADED 

SHUTTLE  TRAVELS  FROM  LLO  TO  L4 
--  LOADED 

SHUTTLE  TRAVELS  FROM  LLO  TO  LEO 
—  LOADED 

SHUTTLE  TRAVELS  FROM  LLO  TO  GEO 
--  LOADED 

SHUTTLE  TRAVELS  FROM  LLO  10  L2 
--  LOADED 

SHUTTLE  TRAVELS  FROM  LLO  TO  L2 
--  UNLOADED 


UNSTABLE  LAGR^GI^  POINT  TUO  (L2) 

SHUTTLE  TRAVELS  FROM  L2  TO  L5 
--  LOADED  (LUNAR  ORE) 

SHUTTLE  TRAVELS  FROM  L2  TO  LLO 
"  LOADED 


STABLE  LAGRANGI*^  POINT  FOUR  (L4) 

SHUTTLE  TRWELS  FROM  L4  TO  LLO 
--  LOADED 

SHUTTLE  TRAVELS  FROM  L4  TO  L5 

—  LOADED 

SHUTTLE  TRAVELS  FROM  L4  TO  LEO 
--  LOADED 

SHUTTLE  TRAVELS  FROM  L4  TO  GEO 

—  LOADED 

SHUTTLE  TRAVELS  FROM  L4  TO  L2 
--  UNLOADED 

SHUTTLE  TRAVELS  FROM  L4  TO  GEO 
--  LOADED  (SSPS  PARTS) 


STABLE  LA6RANGIAN  POINT  FOUR  <L5) 
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PAR, 66,, 16.0, 20. 0« 

SHITITLE  TRAVELS 

FROM 

L5 

TO 

L4 

« 

—  LOADED 

PAR, 67, ,8.0,10.0* 

SHUTTLE  TRAVELS 

FROM 

L5 

TO 

LLO 

* 

--  LOADED 

PAR, 68, ,5.0,7.0« 

SHUTTLE  TRAVELS 

FROM 

L5 

TO 

LEO 

« 

—  LOADED 

PAR, 69, ,5. 0,7.0* 

SHUTTLE  TRAVELS 

FROM 

L5 

TO 

GEO 

« 

—  LOADED 

PAR, 70, ,10.5,13.5* 

SHUTTLE  TRAVELS 

FROM 

L5 

TO 

L2 

* 

--  UNLOADED 

PAR, 71, ,16.0,20.0* 

SHUTTLE  TRAVELS 

FROM 

L5 

TO 

L4 

« 

--  LOADED  (RAW  W>TERIALS) 

*  ATTRIBUTE  LIST  FOR  fiH  INTER-ORBIT  SPACE  SHUTTLE 

* 


« 

at 

ATTRIBUTE 

DESCRIPTION 

RM4GE 

♦ 

« 

« 

1 

SHUHLE  NUMBER 

1 .0  TO  500.0 

* 

« 

2 

UNLOADED  /  LOADED 

0.0  /  1.0 

* 

* 

3 

MI  SC  CARGO  /  RAU  t^TERIALS 

0.0  /  1.0 

* 

* 

4 

TRAUEL  TIME 

N 

o 

o 

* 

* 

5 

PROBABILITY 

0.0  TO  1.0 

* 

* 

6 

PROBABILITY 

0.0  TO  1.0 

* 

* 

7 

PROBABILITY 

0.0  TO  1.0 

* 

« 

8 

PROBABILITY 

0.0  TO  1.0 

« 

« 

9 

Dimr  VARIABLE 

0.0 

* 

« 

10 

KEEP  /  RETIRE  SHIP 

0.0  /  1.0 

* 

« 

11 

MARK  TIME 

o 

o 

II 

ATTRIBUTE 


* 

« 

* 

*  ATTRIBUTE  LIST  FOR  ASTEROID 

* 

* 

» 

« 

« 

« 

* 

* 

* 

* 

* 

« 

* 

* 

« 

» 

« 

» 


3 

4 

5 

6 


DESCRIPTION 

THE  TOTAL  NUMBER  OF 
SHUTTLE  CARGOS  IN  ON 
ASTEROID 

THE  NUMBER  OF  SHUTTLE 
CARGOS  ALREADY  MINED 
FRCM  ON  ASTEROID 

NOT  USED 

NOT  USED 

PROBABILITY 

PROBABILITY 


RANGE 

>=  0.0 

>=  0.0 

0.0 

0.0 

0.0  TO  1.0 
0.0  TO  1.0 


7 


PROBABILITY 


0.0  TO  1.0 


8 


PROBABILITY 


« 

9 

Dimr  VARIABLE 

« 

« 

10 

NOT  USED 

« 

« 

11 

FWRK  TIME 

« 

» 

« 

*  ATTRIBUTE  LIST  FOR  ALL  OTHER  TRANSACTIONS 

« 

* 

*  ATTRIBUTE 


DESCRIPTION 


* 

« 

» 

« 

» 

» 

> 

* 

» 

« 

» 

* 

* 

* 

« 

* 


1 

2 

3 

4 

5 

6 

7 

8 
9 


NOT  USED 
NOT  USED 
NOT  USED 
NOT  USED 
PROBABILITY 
PROBABILITY 
PROBABILITY 
PROBABILITY 
Dimr  VARIABLE 
NOT  USED 
r«RK  TIME 


0.0 


0.0 


0.0 


0.0 

0.0  TO  1.0 
0.0  TO  1.0 
0.0  TO  1.0 
0.0  TO  1.0 
0.0 


0.0 


>=  0.0 


APPENDIX  B 


Jhe.  SCMS  Q-fiF.BI  Nodal 


The  -fol  lowing  Q-6ERT  nodal  description  graphically  depicts  the 
transportation  system  for  the  Space  Colonization  and  Maunufactur i ng 
System  (SCMS)  and  the  Q-GERT  representation  of  the  model. 
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